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Hypoxic ischemic (HI) brain injury is common among preterm infants and term infants with
birth complications. HI reflects neuropathological sequelae that can include hemorrhage,
reperfusion failure, birth trauma, prolonged labor, or placental abnormalities. Despite varied
causes, a common array of cognitive and behavioral disorders follow HI (e.g., motor, memory,
attention and language impairments). Males are also more likely to experience HI, and are more
prone to negative outcomes. Yet research on sex differences in neonatal brain injury (i.e.,
employing and comparing both sexes) is scant in both clinical and animal work. Hypothermia is
now routinely used for neuroprotection in term infants, but relative benefits by sex have not been
investigated. The current studies focus on sex differences in response to experimentally induced
HI (rat model), and the benefits of hypothermia for both sexes. Results confirm
behavioral/neuropathological deficits in male HI rats, replicating prior findings. We also report
that learning/memory deficits can be attenuated by gradual training, thus avoiding impulsive
responses/increased errors when task demands are too high. We show that multiple co-occurring
behavioral deficits do not correlate, and subjects with severe impairments in one domain may not
be severely affected in another. This has clinical relevance in suggesting that “degree of initial
injury” is a poor predictor of specific behavioral outcomes, and variability following seemingly
comparable injury demands individualized prognosis. Finally, results confirm sex differences in
response to an HI injury (males worse than females), although no sex differences were seen in
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gross neuropathology -- again undermining “degree of injury” as a sole basis for outcome
prognosis. A similar pattern of sex differences were seen with hypothermia during HI, again
confirming the importance of evaluating outcomes by sex. Finally, to explore the female
advantage in HI outcomes in the memory domain, we assessed measures of hippocampal cellular
layer thickness in the “uninjured” contralateral hemisphere of male and female HI rats. Results
again showed sex differences, with different patterns of compensatory reorganization in the
hippocampus for HI males and females. Cumulative results stress the importance of employing
both sexes in neonatal HI research, and examining more multi-faceted predictors for long-term
outcomes. In turn, clinicians may continue to optimize protective strategies, and enhance quality
of life for infants affected by HI injury.
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Chapter 1
Introduction
I. Hypoxia Ischemia in the clinical population:
In the developing brain, hypoxic ischemic (HI) injury can occur due to regional or global
reductions in blood and/or oxygen supply. Such injuries can occur in both premature/very low
birth weight (VLBW; <1500 grams) infants (Arpino et al., 2005; Volpe 2009, 2001; Grant & Yu,
2006), as well as in term infants who suffer from birth complications (Fatemi et al., 2009; de
Vries & Cowan, 2009). In fact, HI injuries are one of the most common causes of neurologic
morbidity and infant mortality within both preterm and term populations. As many as 400,000
infants are born prematurely each year, with approximately 75% of preterm births being
categorized as late preterm (between 34 and 37 gestational weeks (GW); Loftin et al., 2010).
Recently, greater attention has focused on late preterm infants since this population is at
increased risk for neonatal intensive care unit (NICU) admission, longer hospital stays, and
heightened instances of neurological morbidities (Brown et al., 2014). Though there has been an
increase in the survival rate of HI injured infants (due to medical advances), this trend is
associated with a corresponding increase in surviving infants with various forms of long-term
developmental disability.
Neuropathology: In premature infants, the fragility/immaturity of the neurovascular
system can lead to HI, for example through blood pressure fluctuations that rupture capillaries
and cause intraventricular (IVH) or periventricular (PVH) hemorrhage (du Plessis & Volpe 2002;
Volpe 2001; Volpe et al., 2011). Such bleeding typically occurs in the subependymal germinal
matrix, followed by necrosis and prolonged apoptosis of ventricular zone cells (du Plessis &
Volpe 2002; Izbudak & Grant, 2011). Additionally, perfusion failure (ischemia) is common
1

following blood pressure drops and associated capillary collapse. Both kinds of injuries can lead
to periventricular leukomalacia (PVL; a non-hemorrhagic injury), which presents as white matter
tissue loss around the ventricles (Volpe 2001; Back et al., 2012; Perlman 1998). In addition,
pulmonary underdevelopment can lead to chronic reduced oxygenation of the blood, resulting in
chronic hypoxic conditions in the preterm brain. Though less common, HI can also occur in the
term infant, typically following birth complications such as cord prolapse, prolonged labor, or
placental disruption. Subsequent neural injuries typically manifest as global tissue damage (most
often in gray matter areas), generally characterized as hypoxic ischemic encephalopathy (HIE;
Fatemi et al., 2009; Huang et al., 2009; de Vries & Cowan 2009; Barrett et al., 2007). While HIE
is not limited to gray matter injury, it is the most common pathology, due to the susceptibility of
gray matter to glutamatergic excitotoxicity at this age (Alvarez-Diaz et al., 2007; Fields 2010;
Huang & Castillo 2008; Sie et al., 2000b). Both preterm and term HI injuries can ultimately lead
to smaller volumes of the cortex, corpus callosum, hippocampus and increased volumes of the
ventricles (Johnston 2005). However, given the highly plastic nature of the developing brain,
neural reorganization may also lead to subtle histological anomalies, in contrast to the severe
brain damage and focal tissue loss seen in adults with comparable ischemic or hemorrhagic
stroke.
Cognitive and behavioral deficits: Given the neuroanatomical deficits that stem from HI
injuries, it is not surprising that long-term cognitive and behavioral deficits are often seen in term
and preterm infants who suffer an HI insult. These deficits include speech/language delays
(Peterson 2003; Steinman et al., 2009; Benasich et al., 2002; Downie et al., 2005), lower IQ
scores (Isaacs et al., 2004; Aarnoudse-Moens et al., 2013; Smith et al., 2014a; Krageloh-Mann et
al., 1999), cognitive and memory deficits (Luu et al., 2011; Burnett et al., 2013; Sun & Buys
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2012; Briscoe et al., 2001), visual attention deficits (Fazzi et al., 2009), and motor disabilities
(Back & Miller 2014; Goyen et al., 2011; Martinez-Biarge et al., 2011). However, it remains a
challenge for clinicians to predict the severity of behavioral deficits and the co-occurrence of
these deficits with one another for individual infants. As such, an improved ability to provide
individualized prognoses for affected infants is crucial to providing targeted early intervention.
As one example of poor outcomes among HI affected infants, long-term speech and
language scores are typically lower than expected. Auditory processing deficits have been
identified as one possible cause for these speech and language delays in infants with or at risk for
HI (e.g., preterm infants), and are common in children who display mild cognitive impairments
due to premature birth (Woodward et al., 2012). Specifically, rapid auditory processing (RAP;
the ability to discriminate between rapidly changing auditory cues such as /ba/ versus /da/) is
highly predictive of later language performance scores (Benasich et al., 2006; Choudhury et al.,
2007; Downie et al., 2002), and this skill has been shown to be critical to language acquisition.
When early RAP deficits are observed, they typically predict associated language impairments
later on in development (Tallal 1976). For example, children with deficits in RAP (which can
include infants born prematurely or those that suffer an HI insult) display adequate hearing
abilities, but are impaired in their ability to perceive and produce speech sounds characterized by
rapidly changing temporal cues (Benasich et al., 2006; Choudhury et al., 2007; Downie et al.,
2002). In addition, children born prematurely show deficits in spelling and reading skills,
coupled with deficits in expressive language, affirming the importance of early basic speech
processing (Luu et al., 2009; Ortiz-Mantilla et al., 2008; Van Lierde et al., 2009). Children with
impairments in verbal frequency and expressive/receptive language have also shown evidence of
cognitive/memory impairments in the form of lower IQ scores, indicating the co-morbidity of
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cognitive impairments in these two domains (Smith et al., 2014a; McGettigan et al., 2011).
Language impairments are also associated with working memory deficits due to the influential
role of phonological working memory in language (McGettigan et al., 2011).
With regard to cognitive and memory impairments, it has been suggested that these are
the most common disabilities seen in children born preterm (Allen 2008; Marlow et al., 2005).
For example, children who suffer an HI insult score lower than expected on memory quotient
scores, and display poor performance on spatial memory tasks (Gadian et al., 2000; Baron et al.,
2011; Curtis et al., 2006). In addition, children born extremely premature (<28 weeks) show
deficits on working memory tasks, and abnormalities in executive functioning (an ability often
associated with working memory; Luu et al., 2011; Edgin et al., 2008; Isaacs et al., 2004;
Aarnoudse-Moens et al., 2009). Espy et al. (2002) reported memory deficits in preterm children
on a Delayed Alternation (DA) task (incorporating a delay), which taps into executive
functioning and working memory abilities. These deficits are also associated with inattention (a
common symptom of ADHD; Lou et al., 1996; Galera et al., 2011; Espy et al., 2007; Mulder et
al., 2011).
In addition to memory and auditory impairments, instances of inattention and
hyperactive/impulsive behavior are also seen following neonatal HI insult. These features of
attention deficit/hyperactivity disorder (ADHD) have been reported concurrently to memory
and/or auditory deficits (Elgen et al., 2014). Most notably, preterm children have been shown to
score higher than typically developing term children on hyperactivity scores, as reported by
teachers and parents (Perricone et al., 2013; Bhutta 2002; Breslaw & Chilcoat 2000; Botting et
al., 1997; Nosarti et al., 2005). Hyperactivity symptoms seem more common in males, while
inattentive symptoms are more common in females born prematurely (Rucklidge 2010, Gershon
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2002; Hinshaw et al., 2006). Visual attention impairments are also seen in HI injured infants, but
these deficits are often not related to the general attention impairments mentioned above.
Specifically, these children show deficits in visual perception, visuomotor integration, visual
recognition, and visuospatial processing (Fazzi et al., 2009; Geldof et al., 2012).
Finally, motor impairments are often seen in children who undergo an HI insult. Since
injury in the premature infant typically manifests as white matter damage, it is not surprising that
many affected children often develop cerebral palsy (CP) – a disability known to arise from
damage to white matter motor tracts (Moreira et al., 2014; Kono et al., 2011). However, those
infants who do not develop CP are still at risk for mild fine and gross motor impairments later in
childhood (de Kieviet et al., 2009; Williams et al., 2010; Bos et al., 2013). In fact, abnormal
general movements (GM) seen in preterm infants are predictive of worse neurodevelopment
indices at ages 2-4 years (Spittle et al., 2013). These motor impairments are often associated with
basal ganglia-thalamic damage, and the severity of this damage is correlated with the severity of
motor disabilities (Martinez-Biarge et al., 2011; Mercuri & Barnett 2003). Interestingly, more
recent evidence indicates that motor deficits are often seen alongside cognitive deficits. This is
apparent in studies correlating IQ scores with motor performance and movement quality (Dewey
et al., 2011; Foulder-Hughes et al., 2003; Seitz et al., 2006; Domellof et al., 2013).

II. Rodent model of HI
To gain further insight into HI injury and associated cognitive and behavioral deficits,
animal models have been developed as a platform for study. The most widely used is the RiceVannucci model, where induced HI injury on postnatal (P) day 7 roughly equates to injuries seen
in a late preterm infant (approximately 34 weeks gestational age (GA); Workman et al., 2013;
Patel et al., 2014). Such injuries also parallel what is seen clinically, with decreased volumes of
5

cortex, hippocampus, and corpus callosum, as well as ventriculomegaly (i.e., increased volumes
of the ventricles; Towfighi 1991; Bhutta 2001). Though the P7 HI rat model was originally
thought to simulate term HI (GA 38-40), recent reports suggest that the abundant resulting gray
matter damage, coupled with various degrees of white matter injury, is more analogous to
injuries as seen in late preterm infants (Patel et al., 2014). It is now thought that P10 in the rat
may be more comparable to full term. Nonetheless, the P7 HI model provides an ideal tool to
study the associated functional/behavioral deficits that follow early HI injury. In fact, studies
using a P7 model of HI injury have shown behavioral deficits surprisingly comparable to those
seen clinically, thus validating the usefulness of this model for evaluating long-term behavioral
outcomes and the efficacy of interventions. For instance, studies performed in our lab using the
P7 HI rat model have revealed deficits in RAP in both juvenile and adult rats, indicating that
these deficits persist over time (Alexander et al., 2013a, 2013b; Hill et al., 2011a, 2011b;
McClure et al., 2005, 2006, 2007). Conversely, rats with HI induced on P3 (an early preterm HI
model) do not display persistent auditory processing deficits over time, suggesting neuralreorganization may lead to more optimal functional recovery in these very young rats (Alexander
et al., 2013c). Also, we and others have documented learning and memory impairments cooccurring with RAP deficits using the P7 HI rat model (Smith et al., 2014a, 2014b, 2015; Arteni
et al., 2003; Balduini et al., 2000; Hill et al., 2011a, 2011b; Ikeda et al., 2001; McClure et al.,
2006, 2007). Though not as widely investigated, visual attention impairments are also seen in a
rodent model of HI, particularly using a choice reaction time (CRT) task (Arteni et al., 2010;
Smith et al., 2014a; Ikeda et al., 2001; Mishima et al., 2004; see Bari et al., 2008 for review).
These deficits can be related to attention disorders such ADHD in humans. Finally, motor
impairments (resembling symptoms of cerebral palsy in the clinical population) have also been
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reported in large animal models of HI or prematurity (sheep, pig; see Silbereis et al., 2010 for
review), as well as in some studies using a P7 HI rodent model (Lubics et al., 2005; Pazaiti et al.,
2009).

III. Sex differences in response to HI injury
Most of the aforementioned clinical behavioral studies include only male subjects or a
pooled combination of male and female preterm children. However, evidence suggests that males
and females differ in their susceptibility to an HI injury, as well as in risk for later adverse
behavioral deficits following HI injury. In fact, males are 61% more likely to suffer a neonatal
stoke, and show a higher incidence of prematurity, anoxia, intraventricular hemorrhage, and
mortality from prematurity (Golomb et al., 2009; Lauterbach et al., 2001; Mayoral et al., 2009;
Peacock et al., 2012; Raz et al., 2004, 2010). Furthermore, males are more likely to incur lower
IQ scores, and to be diagnosed with neurodevelopmental disorders and/or cerebral palsy, as
compared to females with a comparable injury (Donders & Hoffman 2002; Lauterbach et al.,
2001; Rutter et al., 2003; Raz et al., 2004; Smith et al., 2014a). In support of this clinical
evidence, the handful of rodent HI studies that examine HI males and females separately do
show that females consistently show a behavioral outcome advantage over males (Smith et al.,
2014a; Hill et al., 2011a, 2011b).
While there is evidence pointing towards a female advantage following HI injury, the
mechanisms underlying this sex difference remain unknown. Some evidence has suggested that
elevated neonatal testosterone (a normal component of male development) may exacerbate injury
and enhance neuronal excitotoxicity, leading to exacerbated behavioral deficits in males
(McCarthy 2008; Hill et al., 2011a; Yang et al., 2002; Du et al., 2004). Other evidence alludes to
the fact that males and females preferentially activate two different cell death pathways
7

following an HI injury (a sex difference extensively studied as a contributor to sex differences in
adult stroke outcomes), which could also contribute to the high vulnerability of males to brain
injury and subsequent behavioral deficits (Lang & McCullough 2008; Liu et al., 2009; Manwani
& McCullough 2011; McCullough et al., 2005). Finally, genetics may play a factor in sex
differences (e.g., x-imprinting), since in vitro studies have shown that XY cells are more
susceptible to excitotoxicity than XX cells (Du et al., 2004).
Sex differences in cell death cascade: For the most part, the initial series of deleterious
events following an HI insult are analogous across sexes and also across ages (preterm or term
HI). Initially, a depletion of oxygen within cells results in a switch from typical oxidative
phosphorylation to the highly inefficient process of anaerobic metabolism. This, in turn, causes
a rapid depletion of high-energy phosphate reserves, including adenosine triphosphate (ATP),
and concurrent accumulation of lactic acid. In some severe cases, this can immediately cause an
inability to maintain normal cellular functions (Izbudak & Grant 2011). In turn, the cellular
uptake of glutamate is suppressed, which leads to excess glutamate in the synapse. This
accumulation of excess glutamate triggers an increase in glutamate receptor (NMDA, AMPA,
kainate) activation, and prolonged cellular depolarization -- leading to increased calcium and
sodium influx. Sodium influx through AMPA and kainate receptors leads to cell swelling and
rapid necrotic death. Calcium influx mediated by activation of AMPA and NMDA receptors
lacking the GluR2 subunit also activates nitric oxide synthase (nNos). In turn, nNos leads to the
production of free radicals, nitric oxide (NO) and peroxynitrate (ONOO). These by-products
cause damage to cell membranes, as well as damage to mitochondria, leading to further loss of
ATP production and energy depletion (Huang & Castillo 2008).
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In the caspase-independent pathway of apoptosis, nicotinamide adenine dinucleotide
(NAD+; a high energy molecule) is reduced by way of poly (ADP-ribose) polymerase-1 (Parp-1;
a DNA repair enzyme), leading to the release of apoptosis inducing factor (AIF) from the
mitochondria, and thus resulting in cell death (Renolleau et al., 2008; Liu et al., 2011; Zhu et al.,
2006; Cregan et al., 2002). In the caspase-dependent pathway, nNos activates proteases leading
to dysfunctional mitochondria. In turn, cytochrome-c is translocated from the mitochondria to
the nucleus, which then signals apoptotic protease inducing factor (APAF-1) and the formation
of the apoptosome. This binds with caspase-9 (the initiator caspase), which then cleaves
downstream caspases 3, 6 and 7, ultimately leading to the fragmentation of DNA and cell death
(Liu et al., 2009; Renolleau et al., 2008).
Ongoing research (mainly in adult stroke models) has shown that males preferentially
activate the caspase independent pathway following an HI insult, while females preferentially
activate the caspase dependent pathway (noting that these differences are seen only in relative
degrees and are not absolute; Lang & McCullough 2008; Renolleau et al., 2008; Hagberg et al.,
2004; Liu et al., 2009). This sex difference in pathway activation could be one modulatory factor
responsible for the more severe damage seen in males following hypoxia ischemia or related
injuries. For instance, Plank and colleagues conducted a study looking at cell death pathways to
determine a biomarker of neonatal hypoxia ischemia in the rat, and found evidence suggesting
that females might display fewer markers for oxidative stress compared to males (Plank et al.,
2011). Specifically, reactive oxygen species (ROS), which is most often produced in the
caspase-independent pathway (preferentially activated by males) forms a specific biomarker for
oxidative stress. Since ROS is not present in the caspase dependent pathway (preferentially
activated by females), females might display fewer markers of oxidative stress. This in turn is
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supported by evidence that in adult models of ischemia (MCAO), females have reduced reactive
oxygen species (ROS; Lagranha et al., 2010).
Gene-linked cell death mechanisms: Sex differences in cell death and the subsequent
behavioral differences following HI or ischemic cell death can also be associated with x-linked
mechanisms. For instance, studies of cell culture exposure to cytotoxic challenge revealed XY
neurons predominantly utilize the AIF-mediated caspase-independent pathway, while XX
neurons predominately activated the cytochrome c, caspase-dependent pathway (Du et al., 2004).
Moreover, in vitro studies have shown that XY cells are more sensitive to the toxic events of
glutamate than XX cells (Du et al., 2004; Arnold 2004a, 2004b, Arnold & Burgoyne 2004). This
genetic difference, combined with differences in the complement of genes (most notably the
presence of the Sry gene on the Y chromosome) has provided an additional platform for in vitro
research concerning sex differences related to brain injury (Arnold 2004a, 2004b; Arnold &
Burgoyne 2004; Chen et al., 2009). Capitalizing on this known difference in sex chromosome
complement, studies have been conducted to look at proteins directly associated with gene
transcription on both X and Y-chromosomes. One of the most potent proteins acting on the X
chromosome is part of a family of endogenous inhibitors of apoptosis (IAPs), and is referred to
as XIAP (x-linked inhibitor of apoptosis; Deveraux et al., 1997, 1998, 1999). XIAP binds and
inhibits caspase 3 and 7 directly, and also inhibits cytochrome-c induced caspase activation
(West et al., 2009). One study performed in our lab utilizing the P7 HI model used a small
molecule inhibitor of XIAP called “embelin” to ascertain whether HI females treated with the
XIAP inhibitor would be detrimentally affected. It was hypothesized and confirmed that when
XIAP is inhibited, HI female rats lose the “protection” and associated beneficial outcomes
compared to males following an HI injury. This could indicate a profound importance for XIAP
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activation on the caspase dependent cell pathway (Hill et al., 2011b). In support of this, XIAP
deficient knock-out mice subjected to neonatal HI injury showed an increased amount of brain
damage compared to WTs, and this deleterious effect was found in both female and male mice
(West et al., 2009).
Sex-specific hormonal influence: While there is evidence of sex differences in cell death
pathways that can further be integrated with evidence of the role of genetics, another important
difference in the sex-specific response to brain injury can be attributed to sex-specific hormones.
The well-characterized presence of sex-specific hormones in the developing brain exerts critical
and well-documented effects on brain morphology and behavior (McCarthy 2010; Koolschijn et
al., 2014). In males, testosterone is secreted by the testes and is detectable (in humans) at
gestational week (GW) 8. In humans, secretion is highest from GW 10-20, drops to lower levels
by GW 24, and peaks again at birth (Knickmeyer & Baron-Cohen 2006; Hines 2008). During
postnatal day 1-7 in male infants, testosterone levels gradually increase, and remain high for the
first year of life. Testosterone can also be converted to 17-beta-estradiol by way of
aromatization, and in male rats (where plasma testosterone is significantly higher than female
littermates on embryonic day 18 through postnatal day 5), this aromatization results in welldocumented estrogenic neural and behavioral masculinizing effects (McCarthy 2008). This
pathway is thought to be the predominant mediator of male-typical behavior in the rodent brain
(Nunez 2012). While females are also subjected to levels of androgens from the fetal and
maternal adrenal glands, ovaries and fat, this is not a sufficient amount to induce
masculinization. Moreover, in the neonatal rat, circulating estrogen is bound and thus
deactivated from exerting masculinizing (McCarthy 1994, 2008). In the absence of a perinatal
androgen surge, a “default” feminization leads to a “female” brain capable of generating female
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sex-specific behaviors. The binding protein, alpha-fetoprotein, protects the female brain from
estrogen, thereby selectively transporting estradiol into the brain. Furthermore, and most
importantly, at the same time of the testosterone surge in males, female ovaries are largely
quiescent (Elwan et al., 1990; Knickmeyer & Baron-Cohen 2006; Fitch & Denenberg 1998).
Therefore, there is a lack of high ovarian estrogen levels in neonatal females, while in males,
androgens and intra-cellular estrogen are dominant. This difference suggests that early
modulating effects are more likely to involve deleterious effects of androgen exposure in males,
versus protective estrogen effects in neonatal females (as well-documented in adult premenopausal women who are highly protected by estrogen from stroke and consequences of
stroke; McCullough & Hurn 2003; Carwile et al., 2009).
In neonatal models, and specifically in a P7 rat model of HI, injections of testosterone
proprionate into females following an HI injury exacerbated brain damage and behavioral
deficits as compared to typically developing (oil treated) HI female rats (Hill et al., 2011a). In
other models of brain injury such as induced microgyria, androgenization of female rat pups via
injections of testosterone proprionate on P1-P5 also led to similar exacerbation of behavioral
deficits and brain damage, as seen in microgyric male rats (Rosen et al., 1999). Cumulative
evidence points toward a more detrimental effect of testosterone, which might partially explain
the difference in male/female outcomes following HI or neurotoxic exposure.

IV. Hypothermia as a Neuroprotectant
In order to improve long-term outcomes in infants who undergo an HI insult, numerous
studies have explored different neuroprotective agents. Perhaps the most effective
neuroprotectant used to ameliorate brain damage and prevent the occurrence of cognitive and
behavioral deficits is hypothermia. Hypothermia refers to decreases in brain temperatures to
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about 30-34ºC (relative to normal body temperature of 36-38ºC; Yenari & Han 2012). In fact,
for every 1ºC reduction in temperature, brain energy utilization is reduced by approximately 5%
(Laptook et al., 1995). Hypothermia can be accomplished through two different strategies:
whole-body cooling (placing the infant on a cooling blanket or mattress circulated with coolant
fluid to maintain cool temperatures) and head cooling (circulating cold water in a cap fitted
around the head to reduce temperature; Rutherford et al., 2005; Ma et al., 2012; Volpe 2001).
Mechanistically, temperature reduction is thought to reduce the metabolic demand of
cells, thereby decreasing the rate of ATP consumption (Froehler & Oybiagele 2010; Gunn &
Gunn 1998). Furthermore, decreases in temperature to just 35°C can reduce apoptosis,
inflammation, excitotoxicity, and oxidative stress that occur following an HI insult (Ma et al.,
2012). As a result, mild cooling is consistently associated with reduced morbidity and
neurological impairment at 18 months post-HI insult (Edwards et al., 2010). In animal studies,
moderate cooling seems to be optimal, while extreme cooling (i.e., approximately 5°C lower
than normal body temperature) leads to metabolic disarray and higher incidences of death,
suggesting a threshold temperature where the benefits of lower temperature outweigh the adverse
effects (Kerenyi et al., 2012). Additionally, lowering body temperatures during an ischemic
insult (as demonstrated by animal studies of middle cerebral artery occlusion (MCAO)) also
leads to beneficial results (Karibe et al., 1994; Meden et al., 1994). Conversely, higher
temperatures might exacerbate brain injury, thereby leading to worse behavioral outcomes. For
example, in an animal model of perinatal brain injury, increasing the body temperature after an
insult led to significantly greater neural disruption, as evidenced by increases in reactive nitrogen
species (RNS), caspase-3 activity, and overall apoptotic activity (Seri et al., 2012). Additionally,
increasing temperatures during a hypoxic insult leads to increased caspase-3 activation and
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cerebral apoptosis (Mishima et al., 2004; Tomimatsu et al., 2003). Similarly, higher
temperatures in infants during an ischemic insult lead to escalated brain damage, or even death
(Pulsinelli & Brierley 1979; see Corbett & Thornhill 2000 for review). Though it is clear from
both clinical and animal studies that temperature modulation is important, a definitive
temperature and time window to yield optimal benefits has not yet been established (although
human clinical interventions now use a standard of 72 hours at approximately 33°C-35°C;
Shankaran 2014; Laptook 2009).
Temperature modulation could potentially yield different beneficial effects for each sex,
and some evidence for a sex difference already exists. For example, females benefitted more
from reduced body temperatures than males following an induced HI injury (Fan et al., 2013;
Bona et al., 1998)—an effect proposed to relate to the different apoptotic pathways preferentially
activated by males and females. Specifically, cooling has been shown to act on caspase-3
activity, which is highly implicated in the caspase-dependent pathway primarily activated by HI
in females (as described above). Conversely, in other studies looking at low temperature’s
neuroprotective effects, male and female HI rats sustained similar brain injuries, and displayed
similar behavioral outcomes (at least as assessed by sensorimotor tasks; Fang et al., 2013). The
lack of studies employing both sexes to investigate efficacy of temperature modulation as a
function of sex is surprising, and should prompt clinicians and animal researchers to investigate
this topic further.
V. Plasticity in the developing brain
Based on the evidence reviewed here, it is clear that preterm infants can experience
various types of HI-related brain damage that are often associated with long-term behavioral
deficits. However, it is also well recognized that the neonatal brain is extremely plastic as
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compared to the adult brain, due to the critical period in which the brain is purported to have a
higher capacity for plastic reorganization. As such, infants who undergo an HI insult can display
reorganization or compensation in the brain that would not likely be apparent in adults with a
comparable injury. In the neonate, compensatory mechanisms could offset severe tissue loss (as
would be seen in adults with comparable HI events), and instead lead to more subtle anomalies.
It is thought that the tremendous neuroplasticity in the developing brain reflects the synaptic
organization and white matter pathways still undergoing development at the time of injury
(Johnston et al., 2009). Thus, when an HI injury occurs in the preterm infant, the possibility for
modification of cellular proliferation (which is at peak levels in the fetal/postnatal window),
combined with the plasticity of neural networks and/or recruitment of alternate brain areas, could
all lead to new network connections that compensate for neural tissue loss/injury (Murphy &
Corbett 2009; Chen et al., 2010). The exact mechanisms of this type of reorganization are only
partially understood based on landmark works by select investigators like Margaret Kennard and
Bryan Kolb (see below). Furthermore, different areas of the brain may display various degrees of
compensation due to neonatal injury.
Plasticity evidences in animal models: The phenomenon of early neuroplasticity has been
explored in animal models of neonatal injury, which undoubtedly provide an optimal method to
explore neuronal reorganization in a controlled experimental environment. The seminal work of
Margaret Kennard provided the foundation for our understanding of plasticity in the developing
brain, specifically from her work with non-human primates. Her work explored the ability of
specific regions of the brain to re-organize following injury at different developmental timepoints. She concluded that early lesions to regions closest to “functional maturity” would yield
more debilitating outcomes later in life, while regions in the midst of developing allowed for the
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most optimal environment for reorganization (see Dennis 2010 for review). To expand this
principle, Kolb and colleagues conducted a series of studies assessing the compensatory
properties of the brain following unilateral lesions in rats. Results of his studies expanded our
knowledge to indicate that recovery from a unilateral injury is better in developing animals
compared to a bi-lateral disruption (Kolb 1999).
More recently, the plastic nature of the developing brain has been studied utilizing the
Rice-Vannucci model of HI injury. In a study by Jung and colleagues (2016), advanced
neuroimaging methods were used to assess neuroplasticity as it pertains to sensory motor
function in the P7 HI rat. An investigation using functional MRI revealed an expansion of the
BOLD signal in the contralateral (undamaged) hemisphere, as well as the inter-hemispheric
transfer of BOLD signal activation for contralesional forepaw stimuli usually routed to the
injured hemisphere (Jung et al., 2016). Additionally, intra-hemisphere rewiring was also seen
within the damaged hemisphere via diffusion tensor imaging (DTI; Jung et al., 2016). Overall,
the functionality typically seen in the injured hemisphere appeared to be transferred to the
contralateral hemisphere, presumably through reorganization. It was further proposed that this
rewiring was the product of stimulation of neurogenesis and neuroblast migration to rescue
injured areas, and that functional connectivity was rewired to promote optimal functioning
(Pelled et al., 2009; Kernie & Parent 2010). Similarly, in rodent studies of neonatal hemidecortication, the intact cortex typically shows reorganized connectivity and increased thickness
(Hicks & D’Amato 1970; Takahashi et al., 2009; Whishaw & Kolb 1988). Studies in our lab
have also explored this concept using the Rice-Vannucci model, and have shown that inducing
the HI insult on P1 or P3 yields neuropathology similar to sham animals, whereas inducing the
insult at a later time point (P7) reveals robust brain damage as measured by tissue loss
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(Alexander et al., 2013c; McClure et al., 2006). In addition, animals that received HI surgery on
P3 revealed “recovery of function” on a RAP task, with better scores apparent in adulthood
versus performance in the juvenile period (Alexander et al., 2013c). Otherwise, we saw a lack of
behavioral deficit, including for learning/memory and motor function, in the P3 HI animals. We
conclude that when injury is induced early on, reorganization or compensatory mechanisms
might reduce severity of long-term behavioral deficits (Alexander et al., 2013c). However, this
degree of reorganization or “recovery of function” does depend on the severity of initial injury.
Plasticity as evidenced in the clinical population: Evidence of compensation and/or
reorganization has also been seen in preterm infants. For example, following incidences of
periventricular leukomalacia, re-expression of early fetal genes in response to injury may
promote repair of neural processes and plasticity (Okoshi et al., 2001). Specifically, nestinpositive reactive astrocytes may play a vital role in recovery after injury by participating in
axonal remodeling (Clarke et al., 1994). Furthermore, it has been shown that following unilateral
neonatal cortical lesions, the extent and time course of functional recovery parallels underlying
changes in dendritic morphology in the intact cortex, indicating compensation in the hemisphere
contralateral to injury (Kolb et al., 1999). These mechanisms of recovery might contribute to the
establishment of alternative pathways utilized during behavioral tasks. For example, in long-term
follow-up studies of infants born prematurely, use of alternate pathways (or activated networks)
during performance of certain behavioral tasks has been reported. Adults and adolescents born
prematurely also have been shown to display different activational patterns during language tasks
as compared to adults who were born at term (Frye et al., 2010; Gozzo et al., 2009). In both
studies, while both groups could complete the task, different areas of the brain were activated,
indicating a reorganization of language networks in individuals born prematurely. Interestingly,
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while activation patterns differed, MRI scans did not reveal any significant brain damage, again
hinting at the subtle reorganization that may occur after preterm birth (Frye et al., 2010).
Similarly, in studies assessing whether alternate pathways are utilized in a working memory task,
it was found that adults born prematurely performed similarly to adults born at term, but showed
less activation in traditional “working memory” areas (i.e., parietofrontal areas) coupled with
activation of alternate areas (i.e., perisylvian cortex) compared to controls (Froudist-Walsh et al.,
2015). These findings suggest that the enhanced activity in the perisylvian cortex may subserve
compensation for reduced working memory capacity. Finally, when brain damage is seen via
MRI soon after an HI injury, follow-up images taken at 5-7 years old from the same cohort
reveal substantial amelioration of the initial injury, again demonstrating the plastic nature of the
neonatal brain (Krageloh-Mann et al., 1999).

VI. Dissertation Purpose
Based on the overwhelming amount of evidence indicating neuroanatomical and
behavioral impairments following a neonatal HI injury, the current series of studies was designed
to further characterize the debilitating consequences of an HI insult in a rodent model.
Additionally, we focused on sex differences following an HI insult and whether hypothermia -- a
common neuroprotectant used in the clinical setting -- could ameliorate brain damage and
subsequent behavioral deficits. We first utilized only male sham and HI subjects to characterize
performance on a spatial working memory task, a cognitive process that has not been thoroughly
assessed (Chapter 2). Using data from the standard version of the spatial working memory task,
we examined whether the severity of HI-induced memory deficits would correlate (withinsubjects) to the severity of HI-induced auditory processing deficits in adulthood (Chapter 3).
Here, we showed that working memory and auditory processing deficits in male subjects were
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orthogonal, meaning that a “severity of injury” model does not predict with precision individual
deficits in different cognitive domains. We then sought to compare the performance of males and
females on a battery of behavioral tasks (Chapter 4). Including both sexes in characterization
post-HI insult was extremely important, as most studies using the HI model utilize only male
subjects (despite reports of a female advantage following neonatal injury). Next, we sought to
investigate whether intra-insult hypothermia would ameliorate brain damage in this model and in
turn, reduce the severity of cognitive and behavioral deficits (Chapter 5). Here, we also utilized
both male and female subjects to investigate whether regulating body temperature during HI
would lead to different degrees of protection in each sex as evidenced by behavior. We also
investigated intra-insult hypothermia’s beneficial effect on gross neuropathology in both sexes,
again to determine if hypothermia would provide differential benefit in either sex (Chapter 6).
Finally, the compensatory properties of the contralateral hippocampus were explored to assess
possible sex-specific compensatory mechanisms following HI insult, and more specifically to
determine if compensation in the uninjured hemisphere might drive the female advantage
following HI we saw hippocampally-dependent tasks (Chapter 6).
Our initial investigation focused on working memory deficits following an HI insult in
male rats. We chose to focus on this cognitive domain (Chapter 2) based on the lack of animal
studies that have used a standard 8-arm radial water maze paradigm to assess the impact of HI
injury on working memory in a rat model. Previous animal studies have revealed robust HIinduced memory impairments on other behavioral paradigms, such as the Morris water maze
(MWM), non-spatial-maze, plus maze, and land radial maze task (McClure et al., 2006, 2007;
Hill et al., 2011a; Alexander et al., 2013b, 2013c; Kumral et al., 2004; Wagner et al., 2002; Ikeda
et al., 2001). Given evidence that male HI rats were impaired on such “simple” memory tasks,
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we modified the 8-arm radial water maze task to make it easier to complete. We were surprised
to find that male HI rats could perform this version of the task at levels comparable to shams. In
a follow-up study, we employed the standard (full) version of the task and here we did reveal a
robust memory impairment in male HI rats. Taken together, the combined findings indicate that
when a difficult task is introduced through gradual training, male HI rats could learn and perform
much better compared to a version where they were immediately introduced to the difficult task.
In addition to assessing memory impairments, we also analyzed latency per arm choice. Data
revealed that when HI animals were making more errors than shams (indicative of a memory
impairment), they were also taking less time than shams to make an arm choice. We believe that
this result suggests that HI rats were acting more impulsively than sham animals, mimicking a
core symptom of attention deficit disorder (ADHD) that is also seen in children born
prematurely. These findings of HI-induced impulsivity characteristics on an 8-arm radial water
maze task are important and novel. Finally, we also found neuropathological indices in the form
of reduced hippocampal and cortical volume that was consistent with prior reports from our lab
(Alexander et al., 2013c; McClure et al., 2005, 2006).
Since findings from Chapter 2 indicated that HI injury could induce co-morbid
impairments in different cognitive domains (i.e., working memory impairments and impulsivity
characteristics), we then sought to investigate this concept further (Chapter 3). In this chapter we
assessed auditory processing deficits and working memory impairments, to determine whether
deficits in one behavioral domain (i.e. working memory) would predict or correlate with the
degree of deficits in another behavioral domain (i.e., auditory processing). The purpose of this
study was built upon previous clinical literature showing that working memory impairments have
been associated with (or co-morbid to) language impairments, probably based on the important
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role of phonological working memory in language (McGettigan et al., 2011). In addition, prior
animal studies in our lab have documented rapid auditory processing deficits (juvenile and adult;
and also HI-induced learning/memory deficits; Hill et al., 2011a; Alexander et al., 2013b, 2013c;
McClure et al., 2005, 2006), but we had not previously examined any correlational relationship
between the deficits. To address this issue, we tested animals on auditory tasks, followed by
testing some on adult auditory tasks and others on an adult memory task. Results from this study
did reveal robust HI-induced working memory and auditory processing deficits, but the deficits
were not correlated with one another within-subjects. Therefore, we suggest that there are two
different neural systems responsible for memory and auditory processing, and moreover, that HIinduced deficits in auditory processing do not seem to be predictive of (or correlated with)
deficits in spatial working memory. Furthermore, when investigating neuropathology, we did see
significant brain damage in HI subjects, but again this damage did not correlate with any
behavioral deficit. We believe that this finding suggests that impairments in working memory
and auditory processing reflect subtle changes in pathology, and do not directly reflect the
severity of volume reductions in specific brain areas.
Next, given the scarcity of research investigating sex differences following an HI insult,
we sought to investigate whether HI-injured male rats displayed more robust behavioral deficits
as compared to HI-injured female rats (Chapter 4). We hypothesized that HI-injured females
would show an advantage on most (if not all) behavioral tasks employed, based on a few studies
showing that males typically exhibit more severe cognitive/behavioral deficits (e.g., language,
memory impairments, and other neurodevelopmental disorders), relative to similarly injured
females (Donders & Hoffman 2002; Rutter et al., 2003). In fact, the heightened susceptibility of
males to a severe HI insult parallels exacerbated cognitive and behavioral deficits that follow
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(Hindmarsh et al., 2000; Kent et al., 2012; Kesler et al., 2008; Peacock et al., 2012). Based on
these findings, in Chapter 4 we first sought to complete a meta-analysis using reported outcome
data from matched samples of premature males and females. Here, we found that females had a
cognitive “advantage” as compared to males, in the form of superior long-term scores on
performance, full scale, and verbal IQ measures. Next we sought to utilize the P7 HI rodent
model to assess behavioral outcomes in both sexes. The few animal studies that have
investigated sex differences following HI insult have yielded findings that parallel the clinical
literature, with males displaying more deleterious outcomes as compared to females (Hill et al.,
2011a, 2011b). Results from our study supported prior evidence from our lab, in that HI-injured
females displayed a subtle advantage on an auditory processing task, and a strong advantage on
memory tasks. However, similar performance was seen by both male and female HI rats on a
visual attention task. Interestingly, we also found that while male and female HI rats displayed
performance differences on the majority of behavioral tasks, we found almost identical degrees
of brain damage in both sexes. Taken together, results from this study provide important data
concerning sex differences following an HI injury, but also allude to the importance of
investigating factors beyond gross neuropathology to determine why theses sex differences in
behavior occur.
Since we were able to replicate sex differences in behavioral outcomes following an HI
injury, in Chapter 5 we sought to investigate how these sex-specific deficits might interact with
therapeutic amelioration. Importantly, we wanted to investigate whether both sexes benefited
similarly or differently from a given neuroprotectant. Thus, we specifically investigated whether
lower body temperatures during HI insult would lead to comparable or different behavioral
outcomes in male and female HI rats. Our rationale for this study was based on numerous
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clinical cases that use hypothermia to protect the neonatal brain from injury (Kasdorf & Perlman
2013; Glass & Ferreiro 2007; see Varon 2010 for review). Animal research utilizing the P7 HI
model has also shown that pups kept at lower temperature during a hypoxic insult revealed mild
or complete neuroprotection (Yager et al., 1993). However, very few studies have investigated
whether sex differences in response to hypothermia exist. Results from our study provided novel
findings that hypothermia implemented during an HI insult had differential effects on each sex,
as evidenced by differential performance on behavioral tasks. Specifically, we found that
hypothermia was beneficial to only females on a rota-rod task and a Morris water maze task,
beneficial to only males on an auditory processing task, and beneficial to both sexes to the same
degree on a non-spatial maze task. Overall, the beneficial effect of hypothermia seemed to be
“task specific” which suggested that body temperature could play a modulating role in cognitive
processes specific to some – but not all – behavioral tasks.
In our final study, we sought to build upon our previous study outlined in Chapter 5 by
assessing whether hypothermia would ameliorate brain injury in general. While we have
previously reported sex differences in behavior following intra-insult hypothermia, here we
wanted to determine if sex differences existed in brain damage. Additionally, since we have
found that sex differences exist in behavioral deficits but not in degree of brain damage (see
Chapter 4), we sought to further investigate why a female advantage is typically seen on
hippocampally-dependent behavioral tasks. Thus, we assessed whether compensatory
mechanisms or reorganization would be evident in the contralateral (uninjured) hippocampus in
male and female HI injured rats, specifically by assessing the thickness of hippocampal cellular
layers. Results of our final study confirmed that intra-insult hypothermia was in fact protective as
evidenced by volumes of specific brain regions in both sexes. However, we also found that sex
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differences in possible compensatory mechanisms were evident in the contralateral
hippocampus. Specifically, female HI rats displayed a pattern of thicker contralateral
hippocampal layers, possibly hinting at reorganization that would yield superior performance on
hippocampal-dependent tasks following an HI insult. In contrast, male HI rats displayed thinner
hippocampal cellular layers.
Taken together, the results of the completed studies presented here provide additional and
comprehensive data to the animal literature on the effects of neonatal HI injury in a P7 rodent
model. We have successfully replicated behavioral and anatomical findings from our own lab, as
well as other labs conducting similar research, validating the use of the Rice-Vannucci HI model.
Importantly, we reveal novel findings using the P7 model, and provide evidence to support
additional research utilizing this model. We add to the surprisingly underwhelming amount of
literature pertaining to sex differences following an HI insult, and hope our findings will make
more researchers aware of the importance of examining sex differences following an HI injury.
Moreover, we hope to draw attention to the fact that it is unlikely for clinically employed
therapeutics to have identical effects on both sexes. Overall, our combined findings call for
further investigations of the role of sex, hypothermia, and compensatory mechanisms in response
to neonatal HI, and encourage clinicians to more carefully consider these topics in neonatal
neuropathologic research.
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Abstract
Hypoxia-ischemia (HI; reduction in blood/oxygen supply) is common in infants with
serious birth complications, such as prolonged labor and cord prolapse, as well as in infants born
prematurely (<37 weeks gestational age; GA). Most often, HI can lead to brain injury in the form
of cortical and subcortical damage, as well as later cognitive/behavioral deficits. A common
domain of impairment is working memory, which can be associated with heightened incidence of
developmental disorders. To further characterize these clinical issues, the current investigation
describes data from a rodent model of HI induced on postnatal (P)7, an age comparable to a term
(GA 36–38) human. Specifically, we sought to assess working memory using an eight-arm radial
water maze paradigm. Study 1 used a modified version of the paradigm, which requires a stepwise change in spatial memory via progressively more difficult tasks, as well as multiple daily
trials for extra learning opportunity. Results were surprising and revealed a small HI deficit only
for the final and most difficult condition, when a delay before test trial was introduced. Study 2
again used the modified radial arm maze, but presented the most difficult condition from the
start, and only one daily test trial. Here, results were expected and revealed a robust and
consistent HI deficit across all weeks. Combined results indicate that male HI rats can learn a
difficult spatial working memory task if it is presented in a graded multi-trial format, but
performance is poor and does not appear to remediate if the task is presented with high initial
memory demand. Male HI rats in both studies displayed impulsive characteristics throughout
testing evidenced as reduced choice latencies despite more errors. This aspect of behavioral
results is consistent with impulsiveness as a core symptom of ADHD—a diagnosis common in
children with HI insult. Overall findings suggest that task specific behavioral modifications are
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crucial to accommodating memory deficits in children suffering from cognitive impairments
following neonatal HI.

Introduction
Infants who undergo birth complications, such as prolonged labor or cord prolapse, are at
a high risk for hypoxic ischemic (HI) injury (Fatemi et al., 2009; Vannucci & Hagberg 2004;
McLean & Ferriero 2004; Qureshi et al., 2010). Such injuries in the term infant typically lead to
a diffuse form of brain injury, termed hypoxic ischemic encephalopathy (HIE; Fatemi et al.,
2009; de Vries & Cowan 2009; Volpe 2001). HIE reflects the evolution of a cascade of
molecular events triggered by the insult, leading to immediate as well as delayed cell death and
neural tissue loss, with gross pathology emerging over a period of 3–4 days (Fatemi et al., 2009;
Takeoka et al., 2002). Additionally, another risk factor for neonatal HI is prematurity (<37 weeks
gestational age (GA)) and/or very low birthweight (VLBW; <1500 g; Fatemi et al., 2009; Barrett
et al., 2007; Volpe 2009). In contrast to the pathology in term infants, HI events in premature
infants lead to cell death primarily in the germinal matrix containing glial precursor cells (Fatemi
et al., 2009; du Plessis & Volpe 2005; Grant & Yu 2006; Yakovlev & Faden 2004; Kitanaka &
Kuchino 1999). In this population, injury typically manifests as white matter damage due to
periventricular leukomalacia (PVL), which is a form of non-hemorrhagic injury (Barrett et al.,
2007; Back et al., 2012; Perlman 1998; Inder et al., 2003). Intracranial hemorrhage can also
occur in this population as evidenced by intraventricular (IVH) and/or periventricular (PVH)
hemorrhages (Volpe 2001; du Plessis & Volpe 2002). Overall, in both term and preterm infants,
the severity and timing of an HI insult determines the extent of resulting neural damage
(Alvarez-Diaz et al., 2007).
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Though the incidence rate of HI insult is much lower in term as compared to preterm
infants (approximately 0.2%–0.4% of term vs. 60% of VLBW/preterm births; Fatemi et al.,
2009; Vannucci & Hagberg 2004; Volpe 2001; Vannucci 2000; Hayakawa et al., 2013; Vannucci
& Vannucci 2005), both populations undergo similar events leading to cell death and tissue
damage in the brain (Huang & Castillo 2008; Nosarti et al., 2008; Izbudak & Grant 2011). The
cascade of deleterious events that eventually lead to cell death is characterized in the term infant
by diffuse gray matter damage (including hippocampal, basal ganglia, and cortical volume
reduction; Fatemi et al., 2009; Volpe 2001; Vannucci 2000; Huang & Castillo 2008; Nosarti et
al., 2008; Jyoti et al., 2006; Martinez-Biarge et al., 2011), although white matter motor tracts can
also be affected (Martinez-Biarge et al., 2012). This contrasts the more focal and predominantly
white matter injuries seen in preterms with HI.
Due to medical advances, more infants with HI now survive than in the past, leading to
an increase in the numbers of children with associated behavioral deficits later in life (Vannucci
& Hagberg 2004; Cserjesi et al., 2012; Kent et al., 2012; Potjik et al., 2012; Fotopoulos et al.,
2001; Van Handel et al., 2007). Indeed, despite the varying etiologies noted above, both term and
preterm HI populations show increased frequencies of language deficits (Casiro et al., 1990;
Marlow et al., 2005; Fitch & Tallal 2003; Jansson-Verkasalo et al., 2014a; Steinman et al.,
2009), memory impairments (Gadian et al., 2000; Curtis et al., 2006; Baron et al., 2012;
Sommerfelt et al., 1998) and developmental disorders such as ADHD (Van Handel et al., 2007;
Lou 1996; Lindstrom et al., 2011; Sun & Buys 2012; De Kieviet et al., 2012; Scott et al., 2012;
Shum et al., 2008).
Of particular importance are the memory impairments seen in term and preterm children
who suffer an HI insult, in part, because they are often related to additional impairments such as
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inattention, which is a common symptom of ADHD (Lou 1996; Galera et al., 2011; Espy et al.,
2007; Mulder et al., 2011). It has been suggested that cognitive and academic difficulties
reflecting memory impairments are more common than motor, visual, or hearing impairments in
preterm children that undergo an HI insult (Allen 2008; Marlow et al., 2007). In one study
exploring spatial location memory in extremely low birth weight (ELBW; <1000 g) children,
extreme prematurity (and the subsequent injuries that follow) were shown to be a risk factor for
memory deficits (Baron et al., 2012). Similarly, Espy et al. (2002) showed specific working
memory deficits in a premature population, but this time on a task incorporating a delay (Espy et
al., 2002). Lower IQ scores related to memory impairments have also been reported in VLBW
populations (e.g., deficits on digit span tasks; Aarnoudse-Moens et al., 2009; Isaacs et al., 2004;
Luu et al., 2011; Potharst et al., 2013). While literature on behavioral outcomes following an HI
insult specifically in term infants is limited, it has been reported that severely HI injured term
infants display deficits on “everyday memory tasks” compared to infants suffering from a mild
HI birth insult (Marlow et al., 2005).
In addition to memory impairments following an HI insult, deficits in attention or
instances of hyperactive behavior are often seen concurrently (Mulder et al., 2011), and
diagnoses of ADHD, autism and other developmental disorders are often associated with
memory and executive functioning impairments (Van Handel et al., 2007). A common
characteristic in children who suffer an HI insult and are diagnosed with ADHD is impulsive
behavior. Though data on term infants who display memory impairments and impulsive
characteristics is scant, there are many studies assessing neurodevelopmental impairments in
preterm children. Since both populations undergo similar forms of brain damage following HI, it
is therefore not surprising that these populations exhibit highly overlapping developmental
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outcomes. For instance, preterm children who were tested on a working memory task displayed
increased rates of inattention, and overactive/impulsive behavior that occurred along with
working memory impairments (Mulder et al., 2011). Also, preterm children (particularly males)
scored higher than age-matched controls on hyperactivity scores, and showed higher rates of
externalizing hyperactive behavior (Bhutta et al., 2002; Botting et al., 1997; Breslau et al., 2000;
Burka et al., 1992; Nosarti et al., 2005). Children born at almost term who suffered birth
complications also showed heightened risk of ADHD and/or hyperactive tendencies, as reported
by teachers and parents (Perricone et al., 2013). Problems are also seen in the HI population for
executive functioning, which includes poor planning and problem solving (Aarnoudse-Moens et
al., 2009; Isaacs et al., 2004; Luu et al., 2011; Edgin et al., 2008; Ford et al., 2011; Clark &
Woodward et al., 2010). For example, after investigating a national cohort of children born
prematurely, parents and teachers of these children reported problems in all executive
functioning areas that were assessed (i.e., attention, hyperactivity, planning/organizing, and
working memory; Farooqi et al., 2013).
It has been postulated that impairments in memory domains in HI populations might
reflect damage to the hippocampus, the striatum and associated projection targets, and/or the
dorsolateral prefrontal cortex (Gadian et al., 2000; Espy et al., 2002; Luciana et al., 1999;
Beauchamp et al., 2008). In regards to the brain area that could relate to attention deficits, it has
been suggested that caudate damage could be involved (Nosarti et al., 2005). All of these
neuropathologies are frequently observed to varying degrees in neonatal HI populations.
To address these important clinical issues, animal research has been used to assess
behavioral deficits associated with induced neonatal HI injury. The experimental assessment of
long term deficits following an HI injury can facilitate both our understanding of the mechanisms
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underlying outcomes, as well as providing a platform to assess potential interventions and
treatments for efficacy. Interestingly, while the majority of clinical literature focuses on preterm
infants who undergo an HI insult, most of the animal literature uses a P7 model of HI injury—
which roughly equates to term HI injury (i.e., HIE; Vannucci & Vannucci 1997; Vannucci et al.,
1999). Specifically, when this injury is induced in the P7 rat (via artery cauterization/exposure to
reduced oxygen), it produces a pattern of neuropathology that includes decreased volumes of
cortex, hippocampus, and corpus callosum, as well as ventriculomegaly (Towfighi 1991; Bhutta
2001). Behavioral impairments (such as memory deficits) associated with P7 HI damage have
also been reported. Our lab, for example, has previously shown deficits on a Morris water maze
task of spatial learning and memory (Smith et al., 2014a; McClure et al., 2006, 2007; Hill et al.,
2011a; Alexander et al., 2013b, 2013c), an effect also reported by others (Kumral et al., 2004;
Wagner et al., 2002; Arteni et al., 2010; Pereira et al., 2007; Chou et al., 2001; Almli 2000;
Mishima et al., 2004). Researchers using the P7 HI rat model have also shown learning and
memory deficits on a plus maze, as well as a standard eight-arm radial land maze task (Ikeda et
al., 2001, 2004; Balduini et al., 2000; Mishima et al., 2005). On studies using the radial arm land
maze, which requires intact working and reference memory, the impairment in HI rats seems to
be most pronounced early in testing (Ikeda et al., 2001), but other researchers have shown that
deficits are progressive over the lifespan (i.e., memory performance gets worse over time after
the initial HI insult, with P7 HI rats showing a more severe impairment on the radial arm land
maze at 16 weeks compared to seven weeks post insult; Mishima et al., 2005). This P7 HI model
has also revealed attentional impairments (in the form of impulsive characteristics), most often
seen on a choice reaction time (CRT) task and also on operant fixed interval extinction tasks
(Ikeda et al., 2001; Oorschot et al., 2007), further relating an HI injury to ADHD-like behavior.
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Based on the above clinical and animal literature revealing the debilitating effects of
neonatal HI injury, the current study sought to further explore working memory impairments in a
P7 rodent model of HI injury—specifically relating to task design and demands. Note that in the
animal literature, working memory is defined as “a short term memory for an object, stimulus, or
location that is used within a testing session, but not typically between sessions” (Dudchenko
2004). A classic task used to assess working memory in rodents is the radial arm land maze (see
seminal work by Olton and Honig; Olton & Samuelson 1976; Olton & Paras 1978; Honig 1978),
and as noted above, this task has previously been used to show working memory deficits in P7
HI rats (e.g., Ikeda et al., 2001; Mishima et al., 2005). Here, we wanted to establish a baseline
characterization of working memory impairments in P7 HI rats using a novel modified (matchto-sample) radial arm water maze (Chrobak et al., 2008). This task differs from and is more
difficult than a standard radial arm water maze, and difficulty level can be increased by addition
of a delay component between sample and test trials. In Study 1, the task was initially presented
at an easy level (three arms open), and became more difficult as testing progressed, with the last
two weeks of testing utilizing all eight arms of the radial arm water maze, as well as a delay.
Also, multiple daily trials were provided in Study 1. However, only trial 1 errors are reported
since the first trial carries the most working memory demand (with subsequent trials providing
reinforcement. We hypothesized that HI animals would display significant memory impairments
as compared to sham animals on most weeks of testing. The results from this study did not
support our hypothesis, and in fact showed that HI animals had the ability to perform comparably
to shams when provided a step-wise multi-trial version of the task (at least until the delay was
introduced, when a small HI deficit was seen). In Study 2, the more difficult version of the task
where all arms were open and a delay interval was implemented from the start, and only one
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daily trial was provided. Again we hypothesized that male HI rats would be impaired on all
weeks of testing as compared to sham rats, and results on the more difficult task version
confirmed a persistent HI deficit across all weeks (even with an extra four weeks of testing
relative to Study 1), with no evidence of remediation.

Methods
Subjects (Studies 1 & 2)
In both studies, subjects consisted of male Sprague-Dawley rats born to time-mated dams
(Charles River Laboratories, Wilmington, MA; Study 1 n = 24; Study 2 n = 24). Dams were
shipped to the University of Connecticut on embryonic Day 5 (E5) to avoid prenatal shipping
stress. Dams/litters were housed in the University of Connecticut Bousfield vivarium, on a 12-h
light/dark cycle. Pups were born on E22, and culled to litters of 10 (eight males and two females)
on P1. Only male subjects were used, based on prior evidence that behavioral deficits are more
robust in male as compared to female HI rats (Smith et al., 2014a; Hill et al., 2011a, 2011b).
Upon weaning (P21), subjects were pair-housed with like-treated littermates (to reduce stress of
weaning), and received food and water ad libitum. Subjects were shifted to single housing for
ease of behavioral testing in adulthood (P70). The University of Connecticut Animal Care and
Use Committee approved all procedures.
Surgical Procedure (Studies 1 & 2)
On P7, pups were randomly assigned to receive sham or HI surgery. Pups were
anesthetized with isoflurane (2.5%) and a vertical incision was made on the neck. Pups assigned
to the HI group had the right common carotid artery located, separated from surrounding tissue,
and cauterized to restrict blood flow. Sham animals also received a vertical incision on the neck,
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but were sutured immediately after. All animals received footpad injections for identification. To
maintain normal body temperature, animals in Study 1 were placed under a warming lamp for
recovering from anesthesia, while pups from Study 2 were placed in a temperature regulated
incubator to recover from anesthesia (due to receipt of new equipment). After a 2-h recovery and
feeding period, pups were returned to their dams to nurse. After feeding, Study 1 HI pups were
placed in an airtight container under a heating lamp, and were exposed to 8% oxygen (balanced
with nitrogen) for 120 min. Study 1 sham animals were placed in a similar container under a
heating lamp, but were subjected to room air for 120 min. Study 2 HI and sham animals received
a similar procedure, but both containers were also placed on top of a temperature-controlled slide
warmer (along with an overhead heating lamp). Following hypoxia, all animals were returned to
their dams until weaning on P21.

Behavioral Testing (Study 1)
Initial water maze training
Pre-testing began on P30, with 2 days of radial arm water maze training (please refer to
Figure 1.1 for a timeline of experimental testing procedures). A round 122 cm. diameter black
Plexiglas pool was used, housing a black metal radial arm water maze. The radial arm water
maze consisted of 8 removable steel arms that could be blocked off or opened for testing. The
pool was filled with room temperature water, with a removable black plastic platform submerged
beneath the water. This acted as the escape platform (reinforcer), and could be positioned in any
arm. The test room contained spatial cues, such as a small floor lamp in one corner, a table on
the opposite side, 2 empty walls, and a cage rack opposite one of the empty walls.
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Initial training was performed for 2 days, allowing the animals to get accustomed to the
testing procedure, and ensuring they had no baseline impairments in traversing the maze. During
the 2 days of training, 4 trials were provided. To begin, the animal was placed in the water at the
end of a start arm. The submerged platform was placed at the end of another “goal” arm. All
other arms, except for the start and goal arms, were blocked off. Subjects were required to swim
out of the start arm, navigate to find the open goal arm, and mount the submerged platform.
After the subject found the goal arm, it was taken out of the water, dried off with a towel, and
returned to a “holding cage” on a table in the room. Since early testing was performed while
animals were pair-housed, the cage-mate was given the same test with the same goal and start
arm, after his mate had finished. The same goal and start arm were used for each of the 4 trials,
and latency to the goal was recorded. This procedure was repeated on the following day, but
different start and goal arms were used (for a detailed description of the task, see Chrobak et al.,
2008).
Weeks 1 & 2 (Condition 1 – 3 arms open)
At P35, working memory assessment began. Testing occurred over 4 days of a five-day
testing week. Initially, all animals received a “forced sample” trial using the same procedure
described above. This forced the animal to the goal arm, providing a representation of the goal
arm in working memory. Once both cage-mates performed a forced sample trial, the first subject
was given a test trial in which another arm was opened (i.e., three open arms total -- start arm,
goal arm, and an additional “choice” arm). The goal arm was always the same as the forced
sample trial, although the start arm varied. The same start arm position was never used for the
sample and test trial, to ensure subjects employed spatial and not angle-of-turn information.
Three additional test trials were given, always with the goal arm remaining the same but with the
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choice and start arm varying. Sequences of goal, start, and choice arms varied each of the 8 days
of testing for weeks 1-2. On all trials, latencies to goal, total number of errors, and latencies per
choice were recorded (data reported only for trial 1).
Throughout testing weeks, control trials were administered on the fifth day of the test
week. During this trial, animals were placed in a start arm and were required to find the goal
arm with all arms open. Subjects were not “shown” the location of the goal arm, so they were
not expected to know where it was. This ensured that all animals were equally able to swim and
locate the platform in the absence of any memory demand.
Weeks 3 & 4 (Condition 2 – 5 arms open)
On P48, five arms were opened in the maze: a goal arm, start arm, and three choice arms
(noting that with more choices, the task was more difficult). Again, a forced sample was given at
the beginning of a testing day. The 4 subsequent test trials consisted of the same 3 choice arms
and goal arm, but the start arm varied between trials. Testing was performed 4 days a week for 2
weeks, with a control test on day 5. As above, latencies to goal, number of errors, and latencies
per choice were recorded for each animal for each trial.
Weeks 5 & 6 (Condition 3 – 8 arms open)
On P60, all 8 arms of the maze were open: a goal arm, start arm, and 6 choice arms (thus
harder than previous testing weeks). Again, 4 test trials were given following a forced sample,
and control trials were performed on the 5th day of each week. Data was recorded as in previous
trials.
Weeks 7 & 8 (Condition 4 – 8 arms open with 1 hour delay)
On P76, rather than test trials being administered directly after the forced sample, test
trials were administered after a 1 hour delay. All 8 arms were open during the 4 test trials,
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throughout the 8 days (2 weeks) of testing. Again, a control trial was administered on the 5th
day, and data was recorded as in previous trials.

Behavioral testing (Study 2)
Radial arm water maze training for Study 2 began at P47, in the same room as Study 1
(see Figure 1.1 for study timeline). A slightly later starting age was used because of concern
about P35 rats performing the more difficult task (with the extra 12 days expected to benefit both
groups equally). In any event, this slight increase in age might be beneficial to the animals since
older animals have been shown to perform better on a working memory task (Koss et al., 2011;
Shukitt-Hale et al., 2004). Finally, the same Plexiglass tub filled with room temperature water,
housing the same eight arm maze insert and submerged platform, were used.
In brief, all animals were again given radial arm water maze training in order to acclimate
to the task and confirm adequate swimming ability, navigation, and ability to mount the platform
(see Study 1). Following training, animals were tested on the working memory assessment 4
days a week for 12 weeks (note that an additional 4 weeks of testing were implemented to see if
HI subjects could ever reach sham performance). At the beginning of each test day, animals
again received a single forced sample trial, where all arms of the maze were blocked except for
the start and goal arm. After locating the platform, subjects were removed from the pool and
placed in their holding cage for 10 minutes before being given the test trial. During a test trial,
all 8 arms of the maze were open, the animal was placed in a different start arm, and the goal arm
remained the same. Unlike Study 1, only 1 test trial was administered after a forced sample -again making the task more difficult than Study 1. As in Study 1, different start and goal arms
were used each day, and sequences of start and goal locations varied systematically among forty-

37

eight possible combinations. Number of errors and latency to first arm choice were recorded for
each animal on each day. As in Study 1, animal received regular "control" trials to provide
ongoing measures of baseline (chance) performance, and to validate comparability across
treatments on non-memory components of the task (swimming, vision).
Since this version of the task included a pre-test delay from the very beginning of testing,
the paradigm was comparable to the last two weeks of testing in Study 1 (weeks 7-8). Note that
although an hour delay was used in Study 1 versus a 10 min delay in Study 2, it has been shown
that these delay intervals produce the same number of errors in rats, and thus are of
approximately equal difficulty (Chrobak et al., 2008). Furthermore, both forms of a delay have
been suggested to be dependent on working memory (Chrobak et al., 2008). Other studies have
also reported delay-dependent working memory deficits on a radial arm task using delays up to
640 minutes (Bolhuis et al., 1985; Strijkstra & Bolhuis 1987) further indicating the
implementation of working memory in a delay-dependent radial water maze task.

Histology (Studies 1 & 2)
At the completion of testing, animals were weighed and anesthetized with an i.p. cocktail
of ketamine (100 mg/kg) and xylazine (15 mg/kg). Animals were flushed with 0.9% saline
solution followed by 10% buffered formalin phosphate. Brains were removed from the skull,
weighed and placed in a 10% formalin solution. In Study 1, a vibratome was used to slice brains
at 60 um, and every 5th section was mounted on a chrom-alum subbed slide in preparation for
staining. Each section was stained for cell bodies using a Nissl stain. In Study 2, brains were
placed in a 30% sucrose solution for cryoprotection prior to being sliced at 60 um using a
cryostat. Every 3rd section was mounted on a chrom-alum subbed slide and was stained using a
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Nissl stain. For both studies, sections were then analyzed for cortical, hippocampal, and
ventricular volume using Stereo Investigator Microbright field software on an Axio 2 Zeiss
Microscope (Carl Zeiss, Thornwood, NY, USA). The cortex and hippocampus measurements
were analyzed from approximately Bregma -2.12 mm to Bregma 6.04 mm, or when the
hippocampus became visible on the slides until the dorsal and ventral hippocampus merged
together. Ventricular measurements were analyzed from approximately Bregma 1.20 mm to
Bregma -2.3 mm. Both of these measures are approximations due to variability in the quality of
sections. Additionally, to achieve stereological validity, adequate sections were always counted
to yield a coefficient of error less than 0.05. Volumes were quantified using 100x magnification
with Cavalieri’s Estimator software and a grid overlay, and measurements were always
performed blind to Treatment group.

Statistical analyses (Studies 1 & 2)
All statistical analyses were performed using SPSS software (IBM, Armonk, NY, USA)
with an alpha criterion of 0.05, two-tailed, unless otherwise stated. Behavioral results from
Study 1 (n=24) and Study 2 (n=24) were analyzed separately, with the exception of a post hoc
comparison between mean weekly errors for Weeks 7-8 (when comparable tasks were used),
across Study. For each Study, in addition to analyzing test trial errors over Weeks/Conditions,
we analyzed latency/errors for control trials to ascertain Treatment effects on the task in the
absence of memory demands.
Study 1 & 2: anatomical analyses
In both studies, volumetric measures of the right and left hippocampus, cortex, and
ventricles were separately analyzed by multi-variate ANOVA (Hemisphere (Within, 2 levels)
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and Treatment (Between, 2 levels)), and again using Hemisphere as a within variable (2 levels,
right vs. left) but within each Treatment group separately. Independent samples t-tests were
performed (with Treatment as the between), on right cortical and right hippocampal volumes.
For reasons explained below, anatomic data from Study 1 was further separated using a cortical
atrophy measure (right/left ratio score) and, following this separation, volumetric values were
compared across Studies via multi-variate ANOVAs and t-tests.
Study 1: error and latency analyses
Trial 1 errors (by day) from Study 1 were analyzed using multi-variate ANOVA with
Treatment (between, two levels), Condition (within, four levels), Week (within, two levels) and
Day (within, four levels). We found no Day interactions with Treatment or Condition, thus final
(reported) analyses collapse over Day, and use mean Trial 1 errors for each Week as the
dependent variable. A comparison of Week 1 vs. 2 scores within each Condition was used to
assess learning (t-tests at each Condition corrected with Tukey’s tests, with Week as the between
variable, and performed within each Treatment group separately). The comparison of second to
first week scores within each Condition was based on a priori hypothesis that fewer errors should
be seen in the second week if learning occurs. Also, t-tests corrected for multiple comparisons
with Tukey’s test were run for each Week on mean errors, using Treatment as the between
variable. (Since we have previously reported a memory deficit in HI rats on the Morris water
maze, these particular t-tests were one-tailed; Smith et al., 2014a; McClure et al., 2006, 2005).
Finally, average latencies per choice for Trial 1 were calculated by taking total latency to goal,
divided by the number of erroneous choices + 1 (goal arm). This measure yields an index of time
to make each arm choice, since total time is divided by number of arms entered (error + correct).
Short latencies to make correct choices (i.e., on few or no error trials) could indicate robust
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memory and performance, while longer latencies are typically expected when errors are made.
Conversely, short latencies on high error trials could reflect impulsivity (though additional
factors can influence latency times). A multi-variate ANOVA was performed on weekly means
for these scores (in seconds), using Treatment as a between variable (HI and sham; two levels),
and Condition (four levels) and Week (two levels) as within variables. Individual t-tests, again
performed with Tukey’s test to correct for multiple comparisons were also used to assess
Treatment effects on latency for each Week.
Study 2: error and latency analyses
For Study 2, test conditions did not vary (only one condition was used). Thus errors per
trial across days within the 12 testing weeks were averaged into six Blocks, with scores for each
Block representing mean errors for that 2-week test period. One HI animal was dropped from the
study due to possible seizure activity, and this subject was not included in any
behavioral/anatomical analyses. A 6 (Block) × 2 (Treatment) repeated measures ANOVA was
then performed on mean errors. Also, paired samples t-tests between Block 1 and 6 were
performed within each Treatment, to assess overall learning within each Treatment group.
Finally, average latency per choice for each test trial was again calculated as total latency to goal
divided by errors + 1 (goal arm). A 6 (Block) × 2 (Treatment) two-tailed repeated measures
ANOVA was performed on mean weekly latency (in seconds), followed by individual t-tests,
further corrected with Tukey’s test, comparing latency per choice within each Treatment, for
each Block of testing.
Studies 1 & 2: cross-study error analyses – week 7-8 only
Given differences in task demands, it was deemed statistically invalid to perform an
analysis of overall errors across the two studies. However, since subjects received essentially the
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same task during Weeks 7 and 8, we did compare this subset of data. Notably, a small but
potentially confounding between-study difference (eight arms and an hour delay was used in
Study 1, eight arms and a 10 min delay was used in Study 2), if significant, would bias results
against our hypothesis (i.e., it could be argued that a harder task was used where we predicted
better performance). Also, although data from Study 2 was initially assessed using mean errors
for 2-week Blocks (described above), in this analysis we used mean error data from Weeks 7 and
8 separately, to provide comparability to Study 1. Specifically, a multi-variate ANOVA was
performed using Study as a between variable (two levels), Treatment as a between variable (two
levels), Week as a within variable (two levels), and mean errors per week as the dependent
variable.

Results
Anatomical results (Studies 1 &2)
Study 1 anatomy
For Study 1, an overall ANOVA on cortical volume scores (mm3) was performed, using
Treatment (between, HI vs Sham) and Hemisphere (within, right vs left). No significant effect of
Treatment ([F(1,22)=.551, p>.05]), Hemisphere [F(1,22)=.395, p>.05], nor interaction of
Hemisphere x Treatment [F(1,22)=.089, p>.05] were found (although scores were in the
expected direction). Similarly, an ANOVA for hippocampal volume (mm3) using Treatment (HI
and Sham) and Hemisphere (right versus left), also revealed no significant effect of Treatment
[F(1,22)=1.148, p>.05], Hemisphere [F(1,22)=.484, p>.05], nor Hemisphere x Treatment
interaction [F(1,22)=.067, p>.05] (again, scores in expected direction). For ventricular volume, 2
animals were dropped (1 HI and 1 Sham) because their tissue did not provide reliable anatomic
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boundary measures. A similar ANOVA on ventricular volume (mm3) in HI and sham animals
again revealed no significant effect of Treatment ([F(1,21)=.084, p>.05]), Hemisphere
[F(1,20)=.007, p>.05], nor Hemisphere x Treatment interaction [F(1,20)=.525, p>.05] .
Study 2 anatomy
For Study 2, a similar ANOVA on cortical volume did reveal a significant Hemisphere
effect ([F(1,21)=5.776, p<.05]), as well as a Hemisphere x Treatment interaction
([F(1,21)=8.159, p<.05]), reflecting smaller right cortical volume in HI rats (Figure 1.2A). An
independent t-test on right cortical volume (using Treatment as the between) further revealed a
trend [(t(21)=-1.923, p=.07), Figure 1.2A], with HI animals showing smaller right cortical
volume compared to shams. A second repeated measures ANOVA on hippocampal volume also
revealed a significant Hemisphere effect ([F(1,21)=11.016, p<.05)], and a Hemisphere x
Treatment interaction ([F(1,21)=6.756, p<.05)]. Again, an independent samples t-test on right
hippocampal volume (using Treatment) revealed a significant effect ([t(21)=-2.300, p<.05)], with
right hippocampus in HI animals significantly smaller than shams (Figure 1.2B). Finally, a
repeated measures ANOVA on ventricular volume revealed a significant Hemisphere x
Treatment interaction ([F(1,21)=8.557, p<.05)], indicating different volumes in HI versus sham
animals based on Hemisphere (data not shown).
Study 1 anatomy re-analysis (sub-grouping by cortical atrophy measure)
The failure to replicate significant anatomic effects in HI subjects from Study 1 (although
scores were in the expected direction) was a matter of concern, since any comparison of
behavioral data across studies assumes comparable damage. We considered the possibility that
less HI damage occurred in Study 1 versus 2, due to a slight change in our surgical procedures
(the acquisition of an incubator and slide warmers for Study 2) -- particularly given evidence that

43

cooling provides neuroprotection against HI injury (Laptook et al., 1995; Laptook 2013; Karibe
et al., 1994). Notably, Study 1 practices had been successfully employed in our lab for many
years (with significant anatomic and behavioral HI effects reported; Alexander et al., 2013a,
2013c, McClure et al., 2005; Hill et al., 2011a, 2011b). However, to directly test the possibility,
we examined damage in HI subjects from Study 1 using a cortical atrophy measure.
Specifically, the volume of the right cortex was divided by the volume of the left, to get a raw
ratio in mm3. These atrophy (ratio) scores were then organized in ascending order and split into 2
groups (Mild and Severe, n=6 each). Re-analysis of cortical volumes from Study 1 (mm3) using
this revised Treatment designation (3 levels: Severe HI (n=6), Mild HI (n=6), and sham (n=12))
and Hemisphere (right versus left), now revealed a significant overall Hemisphere x Treatment
interaction ([F(2,21)=5.667, p<.05]; see 1.2A), with a one-tailed independent samples t-test on
right cortical volume in Severe HI versus sham animals showing a significant effect of Treatment
([t(16)=1.839, p<.05]; Figure 1.2A). Noting that this effect might be expected since we had
specifically chosen the subset of HI subjects with the most cortical damage, we also used the
revised Treatment designation to re-examine ventricular and hippocampal volumes. Though no
significant Treatment effects were seen for ventricular values, a repeated measures ANOVA
revealed a subtle overall Treatment effect [(F(1,16)=4.363, p=.05)] when comparing severe HI
animals and shams in regards to hippocampal volume. Additionally, a one-tailed independent
samples t-test revealed that severe HI animals displayed significantly smaller right hippocampal
volumes compared to shams ([t(16)=1.990, p<.05], Figure 1.2B). Moreover, a new cross-Study
repeated-measures ANOVAs on both right cortical and hippocampal volume, but using Severe
HI's (Study 1) and all HI's (Study 2) [Treatment (2 levels; HI vs sham), Hemisphere (2 levels,
right vs left) and Study (2 levels)] confirmed Treatment x Hemisphere interactions for both
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measures [(F(1,37)=10.580, p<.005); (F(1,37)=10.278, p<.005), respectively], although no main
effects nor interactions with Study were seen (validating an assessment of the severe HI subgroup from Study 1 as comparable to HI rats in Study 2; Figure 1.2). On account of this finding,
further independent samples t-tests were done to assess right cortical and hippocampal volume in
HI versus sham animals using HI and sham animals from both studies combined. These results
revealed significantly smaller right cortical and hippocampal volume in HI animals as compared
to shams [(t(39)=2.639, p<.05); (t(39)=3.249, p<.005), respectively].
Moreover, to ensure that behavioral data from the Severe HI subset in Study 1 was
comparable to data from the overall HI group in Study 1, we used the Severe sub-groupings to
re-analyze average trial 1 errors 1 at each Week, and compared findings to results with all HI
subjects (see below; Figure 1.5). These analyses confirmed that the subset of "severely" damaged
HI animals showed the same pattern of errors across the task as the HI group overall.
Behavioral results (Study 1 & 2)
Study 1 and 2: analysis of control trial errors
For both Study 1 and Study 2, analysis of errors made during control trials (using
Treatment as a between variable) confirmed a lack of differences between HI and shams. Both
groups showed a consistent and equivalent number of errors across testing, and errors were much
higher than for test trials. This confirmed that (1) animals were not using some other cue (visual,
odor) to find the goal, and (2) HI animals were equally able to traverse the maze compared to
shams.
Study 1: analysis of overall errors
A multi-variate analysis of mean weekly errors from Study 1 revealed no overall effects
of Treatment, nor a Treatment x Condition interaction ([F(1,22)=.434, p>.05]; [F(3,66)=.487,
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p>.05], respectively). We did, however, find a significant effect of Condition [F(3,66)=4.335,
p<.05] and, based on a priori hypotheses, further planned comparisons were conducted as
described below.
Study 1: analysis of errors within Condition
Repeated measures ANOVAs were used to assess each Week (2 levels) within each
Condition, for each Treatment group (HI and sham) separately. For shams, a significant effect of
Week was seen for Condition 1 ([F(1,11)=11.547, p<.05]), and Condition 4 ([F(1,11)=7.237,
P<.05], see Figure 1.3A), indicating shams were able to learn (i.e., fewer errors over time). Week
comparisons for Condition 2 ([F(1,11)=.805, p>.05]) and Condition 3 ([F(1,11)=1.530, p>.05])
did not show significant effects. For HI subjects, similar analyses revealed a significant effect of
Week for Condition 2 ([F(1,11)=5.770, p<.05]), and Condition 4 ([F(1,11)=5.074, p<.05], Figure
1.3B), indicating HI subjects were also learning the task and made significantly fewer errors over
time. Further analyses of HI animals’ performance within remaining Conditions (1 and 3)
revealed no significant effects of Week ([F(1,11)=2.137, p>.05]; [F(1,11)=1.233, p>.050],
respectively).
Study 1: analysis of errors for each Week, by Treatment
Based on the main effect of Condition as described above, coupled with a priori
hypotheses, an additional series of t-tests were performed using Tukey’s test to correct for
multiple comparisons (“Visual Statistician Calculator”, 2014). Results of a subsequent series of
t-tests comparing mean errors for each Week of testing as a function of Treatment revealed no
effect for Weeks 1 through 7, with HI and shams performing comparably ([(q(22) = -0.891, p >
0.05); (q(22) = 0.180, p > 0.05); (q(22) = -2.369, p > 0.05); (q(22) = -0.820, p > 0.05); (q(22) = 0.455, p > 0.05); (q(22) = -1.547, p > 0.05); (q(22) = -0.439, p > 0.05)], respectively; see Figure
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1.4A). However, during the last Week of testing, with the implementation of a one-hour delay,
an independent samples t-test using Tukey’s post hoc test to correct for multiple comparisons did
reveal a small but significant effect of Treatment, [q(22)=-2.50, p<.05, 1-tailed] with HI animals
making significantly more errors than sham animals (Figure 1.4A).
Study 1: re-analysis of errors for each Week, by Treatment (severe and mild HI subsets)
Importantly, analyses of mean errors using all three Treatment groups revealed a similar
pattern to that seen for the HI group as a whole (Figure 1.5). That is, an overall ANOVA (later
corrected by using Tukey’s test) for Treatment (3 levels), Condition (4 levels) and Week (2
levels) revealed a significant effect of Condition [F(3,63=4.783, p<.05)], Week
[(F(7.147)=3.772, p<.005)], and Condition x Week interaction [(F(21,441)=3.799, p<.005)]. A
further one-way Week (8) x Treatment (3) ANOVA revealed a trend (near-significant) effect on
Week 8 ([F(2,21)=1.652, p=.1)], one-tailed), with a Tukey’s post hoc test revealing a significant
effect between Mild HI and Sham (p=.05, one-tailed) and a near significant effect between
Severe HI and Sham (p=.14, one tailed), with both HI groups showing a trend towards fewer
errors. However, the small number of animals in each group (n=6 in each group) likely
contributed to the marginal effect in Severe animals on Week 8. Interestingly, the one-way
ANOVA also showed a marginal effect on Week 3 (Condition 2, HI worse than sham;
F(2,21)=1.638, p=.1, one-tailed), but a Tukey’s post hoc test revealed that this was seen for the
Mild HI versus Sham, and not Severe versus Sham comparison (p<.05, one-tailed). Overall, this
re-analysis supports our results in showing that behavioral deficits on easier tasks in Study 1 do
not emerge, even when examining a sub-set of animals selected for severe cortical atrophy, with
anatomic damage comparable to that of Study 2 (Figure 1.2).
Study 2: analysis of errors overall
47

Results of a 6 (Block) x 2 (Treatment) repeated measure ANOVA revealed a significant
Block main effect ([F(5,105)=17.045, p<.001]), indicating changing performance over blocks of
testing (i.e., learning) in both groups. There was also a significant Block x Treatment interaction
([F(5,105)=1.881, p=.05], 1-tailed), which allowed us to further perform paired samples t-tests
for HI and sham animals to assess average errors made in the first versus last block of testing.
Analyses revealed significant effects for both shams ([t(11)=11.191, p<.001] and for HI
[t(10)=3.972, p<.005] for HI, Figure 1.4B), indicating that both Treatment groups showed
significant improvement (learning) on the task by the last block of testing.
Additionally, we found a significant Treatment main effect ([F(1,21)=8.028, p<.05]),
with HI animals making significantly more errors overall than sham, throughout (Figure 1.4B).
Study 1 & 2: analysis of errors in Weeks 7-8 by Treatment and Study
Due to specific cross-study comparability in task in Weeks 7-8, we made a direct
statistical comparison (using multi-variate ANOVAs) of mean errors for sham and HI rats within
this window, as a function of Study. This comparison was thought to reveal any effects of prior
differential experiences, since the subjects received: (a) the same duration (6 weeks) of prior
testing (albeit it under different conditions), and (b) are now being tested under essentially the
same conditions. An overall ANOVA using Study (between, 2 levels), Treatment (between, 2
levels), and Week (within, 2 levels) revealed a significant effect of Week [(F(1,43)=9.976,
p<.005)], as well as a significant effect of Study [(F(1,43)=25.686, p<.001), see Figure 1.6].
This indicates that performance for HI and sham animals over Week 7 and 8 were different,
regardless of Study and that performance by HI and sham animals was significantly different
between Studies, where overall, animals in Study 1 were performing better than animals in Study
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2. This can be attributed to the repetition of test trials in Study 1, as well as the gradual increase
of task difficulty.
Study 1: analysis of mean latency per choice, by Treatment
An overall ANOVA using Treatment (2 levels; HI and sham), Condition (4 levels) and
Week (2 levels) was used to assess average latency per choice (as above, only for trial 1 errors).
Initially, we found a Condition x Treatment interaction [F(3,66)=4.279, p<.05], as well as main
effects of Condition [F(3,66)=15.131, p<.05] and Week [F(1,22)=111.040, p<.05]. We also
found a Condition x Treatment x Week interaction ([F(3,66)=3.218, p<.05)], thereby justifying
the examination of Treatment effects on latency within each Week separately.
Using a series of two-tailed t-tests which were corrected for multiple comparisons using
Tukey’s test, we found a significant effect of Treatment in Week 1, with HI animals taking more
time to make an arm choice as compared to shams (Condition 1, Week 1; [q(22)=-3.415, p<.05],
Figure 1.7A). Interestingly, on Weeks 2 (second week of Condition 1) and 7 (first week of
Condition 4), a two tailed t-test combined with a Tukey’s test to correct for multiple comparisons
revealed that HI animals were taking significantly less time to make an arm choice than shams
([q(22)=3.259, p<.05], [q(22)=3.246, p<.05], respectively; Figure 1.7A). Analysis of Week 8
also revealed a significant effect for HI animals to make faster arm choices than shams
[q(22)=2.292, p<.05]. All other Weeks (3-6) did not yield significant Treatment effects
([q(22)=-1.647, p>.05]; [q(22)=-1.031, p>.05]; [q(22)=1.852, p>.05]; [q(22)=.483, p>.05],
respectively).
Study 2: analysis of mean latency per choice, by Treatment
Results of a 6 (Block) x 2 (Treatment) repeated measures ANOVA looking at average
latency per choice revealed a significant effect of Block ([F(5,105)=9.224, p<.001]), as well as a
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significant overall Treatment effect ([F(1,21)=7.181, p<.05]; Figure 1.7B). This indicates that
both groups were making arm choices faster over weeks of testing, and that HI animals were
taking significantly less time to make an arm choice compared to sham animals throughout.
Further individual t-tests (further corrected with Tukey’s test) revealed a significant Treatment
effect on Block 4 ([q(21)=3.673, p<.05)], Block 5 ([q=3.240, p<.05]), and Block 6
([q(21)=3.613, p<.05)], with HI animals making faster arm choices.

Discussion
Both term and preterm HI populations show heightened incidence for an array of cognitive
and behavioral deficits, including language impairments (Casiro et al., 1990; Marlow et al.,
2005; Jansson-Verkasalo et al., 2004a, 2004b; Briscoe et al., 1998; Badawi et al., 2001),
attentional problems associated with ADHD (Lou et al., 1996; Lindstrom et al., 2011; Sun &
Buys 2012; Scott et al., 2012; Shum et al., 2008; Aarnoudse-Moens et al., 2009; Perricone et al.,
2013; Getahun et al., 2013), and memory impairments (Marlow et al., 2005; Gadian et al., 2000;
Curtis et al., 2006; Baron et al., 2012; Luu et al., 2011; Potharst et al., 2013; Edgin et al., 2008;
Rose et al., 2011; De Haan et al., 2000). In the current series of studies, we focus specifically on
working memory impairments associated with neonatal HI injury in a rat model. This emphasis
reflects the fact that memory impairments are an extremely common outcome in clinical HI
populations, and may relate to poor academic achievement, as well as lower IQ scores in
childhood (Isaacs et al., 2004; Luu et al., 2011; Potharst et al., 2013; Aarnoudse-Moens et al.,
2013; Tanis et al., 2012; Bos & Roz 2011; Huchinson et al., 2013). HI-associated memory
impairments may also co-occur with additional disabilities, for example in executive functioning
and/or attention (Allen 2008; Marlow et al., 2007; Potharst et al., 2013; Edgin et al., 2008; Ford
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et al., 2011; Farooqi et al., 2013; Anderson et al., 2003; Pugliese et al., 2013; Rose et al., 2011;
De Haan et al., 2000). Overall, memory deficits appear to form a core impediment to educational
success for neonatal HI populations.
The current set of studies specifically sought to detail the nature of HI-associated working
memory deficits, using a rodent model of P7 HI injury, which simulates term HIE in humans.
Our study design was guided by prior evidence of a P7 HI associated deficit on Morris water
maze tasks in rodents (Smith et al., 2014a; Hill et al., 2011a; Alexander et al., 2013; Kumral et
al., 2004; Wagner et al., 2002; Arteni et al., 2010; Pereira et al., 2007; Chou et al., 2001), as well
as deficits seen for HI rats on a standard radial arm land maze paradigm (Ikeda et al., 2001,
2004; Mishima et al., 2005).
In brief, our results revealed the following. (1) Subjects with P7 HI damage can learn,
regardless of task order and difficulty level. In fact, our evidence suggests that HI rats showed
about the same degree of learning on a working memory task as shams (as indexed by decreasing
errors over time; Figure 1.4); (2) Deficits in memory processes associated with HI were far more
apparent on tasks with a high working memory demand (e.g., tasks that employed a delay
interval). Indeed, despite evidence of learning, HI performance in Study 2 was still significantly
worse than shams after 12 weeks of training; (3) HI subjects showed a reduction in latencies
despite more errors made (i.e., latencies were shortened under the same conditions where errors
were high), likely reflecting impulsive tendencies when confronted with difficult tasks. Thus,
evidence of impulsivity was much more pronounced on the more difficult task (Study 2; Figure
1.7b) as compared to the graduated one (Study 1), with HI response latencies remaining shorter
than shams across 12 weeks of training in Study 2. Conversely, response latencies for HI and
sham rats were often seen to merge on easier tasks in Study 1 (Figure 1.7a); (4) All other factors

51

being equal, HI rats with prior experience on a graduated multi-trial task performed significantly
better on a high-demand working memory task when compared to similar HI rats introduced
directly to the more difficult paradigm (Figure 1.6). The implications of these findings are
discussed further below.
HI rats show learning, even when the task is difficult
This finding is perhaps not surprising, since at-risk children are clearly able to learn, albeit
at a slower or reduced-grade-level rate (Ritter et al., 2013). For example, Ritter and colleagues
conducted a study specifically looking at whether preterm infants (at-risk for an HI injury)
showed prominent executive functioning/memory impairments that persisted or if preterm
infants were able to “catch up” with term controls with increasing age. We believe that these
findings can be related to our “term” HI model since both preterm and term children at-risk for
HI injury show similar behavioral impairments. Thus, results of the study were congruent with
the animal results of the current study, in which preterm infants are more likely to show a delay
in learning, rather than a deficit. In other words, rather than displaying a consistent learning
deficit over time, children are able to learn a difficult task but at a slower rate. This finding is
also in parallel with other clinical literature where learning was apparent in preterm children
(though not as quickly as typically developing children) based on verbal IQ scores and
attentional impairments (Ment et al., 2003; Tideman 2000). Moreover, in a longitudinal study by
Cserjesi and colleagues, children born prematurely display learning impairments in adolescence
but these impairments can be attenuated, regardless of the increasing cognitive demands as
children age (Cserjesi et al., 2012).
Indeed, future research into remediation strategies should capitalize on these observations,
especially since research has suggested that prematurely born children activate different brain
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areas than term children as task difficulty increases (Barde et al., 2012). Since preterm children
do show learning despite being at risk for an HI injury, it is important to ameliorate these subtle
learning impairments in addition to mitigating more severe cognitive and behavioral
impairments. Specifically, tailored interventions should be developed early on to minimize the
adverse cognitive consequences of premature birth and to reduce the impact of early learning
challenges on educational performance and learning motivation (Pritchard et al., 2009).
HI deficits are more robust on high memory demand tasks
The fact that memory deficits in HI rats are exacerbated on more difficult memory tasks is
also perhaps unsurprising, and parallels at least one report showing that premature children (i.e.,
at risk for HI insult) show memory impairments only when task difficulty increased—a finding
interpreted to reflect an inability to initiate and sustain organizational and complex memory
strategies when under high demand (Luciana et al., 1999). Furthermore, preterm children at risk
for an HI injury show robust impairments on backwards phases of working memory tasks
compared to typically developing term children, indicating prematurely born children display
deficits on a difficult memory task (Clark & Woodward 2010). These findings parallel
supplementary research comparing fMRIs of preterm children versus term children, in which
preterm adolescents recruit a wider array of neural networks than full term adolescents (Barde et
al., 2012; Nosarti et al., 2006). Specifically, neuropathological and behavioral data both indicate
that when memory demands are high, the preterm infant’s neural mechanisms responsible for
memory and executive functioning are overwhelmed and stressed, thereby compromising
behavioral performance (Luciana et al., 1999; Curtis et al., 2002; Vicari et al., 2004). Similar
findings also reveal that cognitive difficulties (i.e., memory impairments) become more evident
and stable later on in development as children reach school age. This is primarily due to the more
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complex memory dependent activities that occur once children reach adolescence and are
required to sustain information for schooling (Sansavini et al., 2011). Additionally, animal
research has also supported this idea, pointing toward a similar explanation where early (easy)
trials on a maze task yield similar performances from HI and sham animals, but as testing
progresses and the task becomes more reliant on working memory (making the task more
difficult), HI animals are unable to learn the task, whereas sham animals display learning (Arteni
et al., 2003).
HI rats showed reduced latencies compared to shams despite more errors made, and this
impulsivity was strongly related to task difficulty
The fact that we found evidence of impulsivity (i.e., an ADHD characteristic) in both
Study 1 and Study 2 is again consistent with human clinical data. That is, a common symptom in
preterm children or children at risk for HI that are also diagnosed with ADHD is
impulsivity/hyperactivity (Lou 1996; Lindstrom et al., 2011; Galera et al., 2011; Espy et al.,
2007; Getahun et al., 2013; Cherkes-Julkowski 1998), and the prevalence for diagnosis is more
common in males (Donders & Hoffman 2002; Lauterbach et al., 2001; Rutter et al., 2003;
Gualtieri et al., 1985). Our findings also support evidence from other animal studies looking at
ADHD-like behaviors, for example in a CRT task. Here, studies have shown that on later trials
with a delayed reward, hypoxia-exposed rats made significantly more lever presses than control
rats (Oorschot et al., 2007). Moreover, studies have shown that male rats with induced HI display
greater impulsive symptoms as assessed by the 5CSRT task (Spencer 2007; Biederman 2003;
Biederman et al., 2002; Rucklidge 2010).
Interestingly, however, our results also revealed that indices of impulsivity were much
greater when subjects were performing the more difficult task, and response latencies in HI rats
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continued to be significantly shorter than shams (despite worse performance) even after 12
weeks of training (Figure 1.7). Essentially, HI animals are more likely to “make errors quickly,”
which appears consistent with the impulsiveness typically seen in children with ADHD (a
common neurodevelopmental disorder seen in the clinical HI population). In contrast, sham
animals take longer to make what is more frequently a correct choice. Interestingly, latencies for
HI and sham rats were often seen to equalize on the easier versions of the task (Study 1; Figure
1.7), indicating that impulsivity in HI subjects may only be seen when the task is more difficult
(i.e., too difficult). These findings are relatively novel, and suggest that impulsivity scores could
provide an indirect index of “degree of challenge” in educational efforts with HI populations. As
an aside, it should be noted that impulsivity is not the only possible interpretation for short
latencies, and latency data may be affected by other factors. However, given consistency with
clinical data, the current interpretation is well supported.
HI rats learn much better when introduced to a high memory-demand task through gradual
training, as opposed to immediate introduction
These results may appear intuitive, yet are relatively novel in the animal model literature,
as well as in the clinical medical setting. That is, relatively little focus is placed on tailored,
graduated, progressive task introduction when testing impaired models in experimental research
(although this topic may well receive more attention in the educational setting). In fact, many of
the novel computer-based educational intervention programs commercially available do employ
“staircase procedures,” wherein difficulty of problems presented is driven explicitly by
performance, providing an individually tailored experience. However, overall, it appears this
issue has received relatively little notice as a mechanism that might explicitly and particularly
benefit clinical populations with educational challenges (such as children with neonatal HI).
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Underlying neuropathology for memory deficits and impulsivity
Neuropathological indices in both studies indicated brain damage following HI,
specifically in the form of reduced cortical and hippocampal volume, with significant damage
seen in severely injured HI animals in Study 1, and in all HI animals in Study 2 (Figure 1.2).
Other labs have also reported smaller volumes of the hippocampus and cortex in neonatal HI
rats, attributing these effects in part to excitotoxicity in these gray matter areas following an HI
insult (Vannucci 2000; Pereira et al., 2007; Arteni et al., 2010; Mishima et al., 2005). Of
particular importance to the current compilation of studies is damage to the hippocampus, as this
structure is highly critical to executive functioning and memory (Gadian et al., 2000; Luciana et
al., 1999; Rose et al., 2013). Additionally, it has been shown that the cortex (particularly the
dorsolateral prefrontal area) is linked to spatial working memory performance in humans (Espy
et al., 2002; Luciana et al., 1999). Therefore, it is not surprising that severe HI animals in Study 1
and all HI animals in Study 2 (with significant damage in these areas) also showed deficits on
spatially related learning/memory.
In terms of human clinical data, research has consistently pointed towards an essential
role of the hippocampus and cortical structures in regulating normal cognitive functioning, in
particular memory and attentional indices (Curtis et al., 2006). In regards to working memory,
the prefrontal cortex has been shown to play a specific role (Curtis et al., 2006; Baron et al.,
2012; Luu et al., 2011; Klingberg et al., 2002; Thomas et al., 1999). Consequently, if these areas
are damaged due to an HI insult (in the form of volume reduction), memory deficits can
potentially emerge. Additionally, executive functioning and attentional impairments (i.e.,
impulsivity) often co-occur with memory impairments, indicating the reliance on similar neural
substrates (Sun & Buys 2012; Breslau & Chilcoat 2000; Martel et al., 2007). Evidently, clinical
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and animal literature report coinciding brain areas related to memory and attention.

Conclusions
In conclusion, these studies reveal that HI animals can learn a difficult memory task
(despite worse performance than shams), and moreover, can learn the task much more easily
when it is introduced in a graduated and repetitive (multi-trial) fashion. Also, evidence of
impulsivity is more robust on a high-demand task introduced without preface (i.e., response
latencies remained shorter than for shams across testing on the difficult task, but often came
together on the easier tasks), and this impulsivity persists despite improved performance. Future
research could investigate whether direct measures of impulsivity (as measured by latency to
respond) could be used to index and adjust task difficulty when working with clinically affected
populations, in order to tailor tasks more directly to the capabilities of children to learn and
perform. That is, impulsivity measures may provide an indirect index that children are overly
challenged, and that task parameters should be adjusted to a slightly lower level of demand.
Overall, our findings suggest strongly that educational efforts with clinical HI populations (i.e.,
children exhibiting learning impairments associated with early brain damage) could benefit
tremendously from enhanced efforts to implement individualized task calibration, with
progressive introduction of more difficult levels of work. Indeed, our results suggest that clinical
populations could well reach performance levels comparable to typical populations if provided
these task-based adjustments.
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Figure 1.1 Study 1 and Study 2 Timelines
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Figure 1.2 (a) As expected in Study 1 (since the Severe HI subset was selected for cortical
atrophy), a t-test on right cortical volume revealed a significant effect of Treatment (* p < 0.05,
Severe HI smaller than sham). For Study 2, an ANOVA comparing HI and sham animals
revealed a Hemisphere × Treatment interaction, and a t-test also showed a trend (# p = 0.07) for
HI to have smaller right cortical volume. Analysis of right cortical volume across Study
confirmed a robust overall HI effect (p < 0.05) and a lack of between-study differences. (b) For
Study 1, an ANOVA comparing hippocampal volumes in severe HI and sham animals revealed
an overall Treatment effect (p = 0.05). A t-test comparing right hippocampal volume in both
groups in Study 1 revealed a significant effect of Treatment (* p < 0.05), as was seen in Study 2
(* p < 0.05; HI smaller than sham). Analysis of right hippocampal volume across Study
confirmed a robust overall HI effect (p < 0.005), and a lack of between-study differences.
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Figure 1.3 (a) A repeated measures ANOVA assessing Trial 1 errors in each Condition revealed
a significant effect of Week in Condition 1 (* p < 0.05) and Condition 4 (* p < 0.05), indicating
less errors made on the second Week of a Condition. (b) A similar analysis was done with HI
animals and revealed a significant effect of Week in Condition 2 (* p < 0.05) and Condition 4 (*
p < 0.05), indicated less errors (and evidence of learning) on the second week of a Condition.
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Figure 1.4 (a) A one tailed independent samples t-test using Tukey’s test to correct for multiple
comparisons revealed a significant effect of Treatment (* p < 0.05) in Study 1, with HI animals
making significantly more errors than sham animals on Week 8. (b) A repeated measures
ANOVA revealed a significant overall Treatment effect on mean errors made (p < 0.05), and
paired samples t-test between Block 1 and 6 for HI (* p < 0.05) and sham animals (* p < 0.01)
revealed significant differences in regards to average errors made in a test trial (i.e., learning).
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Figure 1.5 Re-analysis of errors by week for Study 1, using sub-groupings of Mild and Severe
HI versus shams. Results were similar to overall analysis, with near-effects seen for both Mild
and Severe sub-groups at Week 8 by way of one-way ANOVA, corrected for multiple
comparisons using a Tukey’s post-hoc test (* p = 0.05, # p = 0.1, respectively). Interestingly, we
did find an additional significant effect at Week 3, but this was seen for the Mild HI versus Sham
(as evidenced by a Tukey’s post hoc analysis; * p < 0.05, one-tail), supporting the view that the
lack of effects seen at earlier (easier) tasks in Study 1 was not a reflection of lesser damage in HI
subjects as compared to Study 2.
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Figure 1.6 Bar-chart comparison of mean errors at Weeks 7 and 8 (using eight arms open, with
delay), for HI versus sham, and across Study 1 and 2. Notably, these scores were attained after a
comparable duration of testing (though using different lead-in tasks), and the tasks employed on
Week 7 and 8 were largely identical across studies. Regardless of similar testing duration and
similar parameters in these weeks, an overall ANOVA revealed a significant effect of Week (p <
0.005) and Study (p < 0.001). Note whereas HI subjects in Study 1 were making between 1 and
1.5 mean errors, HI subjects in Study 2 (who had not received progressive training) were making
around three errors on the same task.
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Figure 1.7 (a) We found a significant effect of Treatment, with HIs taking more time to make an
arm choice on Trial 1 during the first week of testing only (* p < 0.05) only. On Weeks two and
seven only, conversely, t-tests corrected for multiple comparisons by Tukey’s test revealed HIs
were taking significantly less time to make an arm choice than shams (* p < 0.05), and analysis
of Week 8 also revealed a significant effect for HIs to take less time than shams to make an arm
choice (* p < 0.05). (b) A repeated measures ANOVA revealed a significant overall Treatment
effect in regards to average latency to first arm choice (p < 0.05). Individual t-tests corrected for
multiple comparisons via Tukey’s test for each block revealed a Treatment effect for Block 4 (*
p < 0.05), Block 5 (* p < 0.05) and Block 6 (* p < 0.05).
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Abstract
Infants born prematurely are at risk for cardiovascular events causing hypoxia ischemia
(HI; reduced blood and oxygen to the brain). HI in turn can cause neuropathology, though
patterns of damage are sometimes diffuse and often highly variable (with clinical heterogeneity
further magnified by rapid development). As a result, though HI injury is associated with longterm behavioral and cognitive impairments in general, pathology indices for specific infants can
provide only limited insight to individual prognosis. The current paper addresses this important
clinical issue using a rat model that simulates unilateral HI in a late preterm infant, coupled with
long-term behavioral evaluation in two processing domains -- auditory discrimination, and
spatial learning/memory. We examined whether: (1) deficits on one task would predict deficits
on the other (suggesting that subjects with more severe injury perform worse across all cognitive
domains); or (2) domain-specific outcomes among HI injured subjects would be uncorrelated
(suggesting differential damage to orthogonal neural systems). All animals (sham and HI)
received initial auditory testing and were assigned to additional auditory testing (Group A), or
spatial maze testing (Group B). This allowed correlation within-task (A) and between-task (B).
Anatomic measures of cortical, hippocampal, and ventricular volume (indexing HI damage) were
also obtained, and correlated against behavioral measures.
Results showed that auditory discrimination in the juvenile period was not correlated with
spatial working memory in adulthood (Group B), in either sham or HI rats. Conversely, early
auditory processing performance for Group A HI animals significantly predicted auditory deficits
in adulthood (p=.05; no correlation in shams). Anatomic data also revealed significant
relationships between the volumes of different brain areas within both HI and shams, but
anatomic measures did not correlate with any behavioral measure in the HI group (though we
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saw a hippocampal/spatial correlation in shams, in the expected direction). Overall, current data
provide an impetus to enhance tools for characterizing individual HI-related pathology in
neonates, which could provide more accurate individual prognoses within specific
cognitive/behavioral domains and thus improved patient-specific early interventions.

Introduction
Premature infants (<37 weeks gestational age (GA)), and infants born at very low birth
weight (VLBW; <1500 grams), are at risk for hypoxic ischemic brain injury (HI; lack of blood
and/or oxygen; Volpe 2008; Kochanek et al., 2012). The fragility of under-developed
neurovascular systems (particularly < 32-34 GA) can lead to intra-cranial bleeding (e.g.,
intraventricular/ periventricular hemorrhage; Volpe 2001; Boylan et al., 2000; du Plessis &
Volpe 2002), and ischemic events (e.g., reperfusion failure; Volpe 2001; Jensen 2006; Jantzie et
al., 2010; Perlman 2008). Both injuries can cause white matter damage (e.g., periventricular
leukomalacia), reflecting the susceptibility of preoligodendrocytes (preOLS) to oxidative stress
in the mid-to-last trimester (Segovia et al., 2008; Haynes et al., 2003), with an elevated risk in
the extremely premature infant. HI can also occur in the late preterm infant (34-37 GA), but here
more often manifests as gray matter injury since these regions are undergoing rapid development
from 34 weeks to term (Billiards et al., 2006).
Preterm infants with HI are also at risk for developmental disorders including delayed
cognitive processes (van Handel et al., 2007; Peterson 2003; Steinman et al., 2009),
speech/language delays (Peterson 2003; Steinman et al., 2009; Benasich et al., 2002; Wallace et
al., 1995), lower IQ scores (Steinman et al., 2009; Downie et al., 2005; Aarnoudse-Moens et al.,
2013), spastic cerebral palsy (CP), and memory deficits associated with impaired executive
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function (Isaacs et al., 2004; Luu et al., 2011; Burnett et al., 2013). Though clinicians can
speculate about specific developmental impairments that might be expected for individual
patients, it remains challenging to predict patient-specific patterns of outcome from the general
indices that have been developed to capture the variable and sometimes diffuse nature of
neonatal HI-related neuropathology.
One commonly reported deficit following HI involves impairments in auditory
processing, which have been suggested to contribute to language disabilities. Specifically,
deficits in rapid auditory processing (RAP) are seen in populations with or at-risk for HI (e.g.,
premature infants; Sun & Buys 2012; Mahmoudzadeh et al., 2013; Benasich & Tallal 2002), and
these in turn predict language problems -- both in children with HI insult and in other at-risk
infants (Benasich et al., 2002; Wallace et al., 1995; Benasich et al., 2006; Jansson-Verkasalo et
al., 2004b). This relationship is thought to reflect the fact that discrimination of rapidly changing
sound stimuli, speech, or non-speech stimuli (within tens of milliseconds) is critical to emergent
speech perception/production (Benasich et al., 2002; Jansson-Verkasalo et al., 2004b; Fitch &
Tallal 2003).
Memory impairments are also seen in children with HI, and these can be co-morbid with
auditory speech/language deficits. Research has shown that VLBW children display lower global
and performance IQ, coupled with impairments in verbal fluency and expressive/receptive
language at 1-7 years (Trehub & Henderson 1996; Smith et al., 2014a). Working memory
deficits are also associated with language impairments, consistent with the important role of
phonological working memory in language (McGettigan et al., 2011). This comorbidity of HIrelated impairments across a broad range of tasks and domains presents a particular impediment
to the study of more delineated neurobehavioral associations.
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Fortunately, animal models can be used to model HI injury and subsequent behavioral
impairments. One well-established rodent HI model (Rice-Vannucci) entails injury induced on
postnatal day (P) 7 (Rice et al., 1981; Vannucci et al., 1999; Vannucci & Vannucci 1997).
Although originally thought to simulate term HI (GA 38-40), this model has more recently been
thought to simulate late preterm injury, consistent with tissue loss primarily in gray matter and
variable amounts of white matter damage (Patel et al., 2014). Notably, this model produces
unilateral injury (via cauterization of the right common carotid artery), so the comparison to
human pathology (which typically shows bilateral extent) must be qualified. Nonetheless, the P7
HI rat model provides a useful tool to study the associated functional/behavioral deficits that
follow neonatal HI. In fact, studies of P7 HI in rodents show behavioral deficits analogous to
those observed clinically, validating long-term neurobehavioral applications. P7 HI male rats
show deficits on a rapid auditory processing (RAP) task in both pre-pubertal and adult periods,
indicating that deficits persist over time (Hill et al., 2011a; Alexander et al., 2013c; McClure et
al., 2005, 2006). Similarly, deficits on spatial and working memory tasks have been reported in
P7 HI rats on a Morris water maze, as well as a more difficult delayed-match-to-place radial
maze (used to assess spatial learning and working memory, respectively; Smith et al., 2014a,
2014b; McClure et al., 2005, 2006). The current study sought to explore and replicate wellstudied deficits in spatial working memory and RAP in male rats subjected to HI injury on P7.
In addition, the study was designed to assess: (1) within-task correlations between juvenile and
adult RAP ability; and (2) between-task correlations for juvenile RAP and working memory (as
assessed in adulthood). Analyses also examined correlations across histological and behavioral
measures (shams and HI’s separately). To our knowledge, such long-term outcome correlations
have not been assessed in any model of neonatal HI injury. We hypothesized a replication of
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deficits in RAP and spatial working memory deficits in P7 HI rats, and also that early auditory
processing scores would predict subsequent auditory outcomes (in adulthood) -- particularly in
HI-injured subjects. Finally, we sought to determine whether early scores in one domain could
predict subsequent outcomes across domains (particularly in HI subjects), consistent with a
“general" injury model where subjects performing poorly on one task also perform poorly on the
other.

Methods
Subjects
Time-mated female Wistar rats were delivered to the University of Connecticut vivarium
from Charles River (Wilmington, MA) on embryonic day 7 (E7). Dams were housed in tubs
(12/12 cycle, food/water ad lib), with birth on E22. Litters were culled (8 males, 2 females) on
postnatal day 1 (P1). Male animals were used, due to the more severe behavioral deficits
reported in HI male rats (Smith et al., 2014a; Hill et al., 2011a, 2011b), but females were
retained until weaning to normalize maternal behavior. Pups were weaned on P21 and pairhoused with like-treated littermates. At P49, subjects were single housed for further testing.
Induction of hypoxia-ischemia
Subjects (n=48) were assigned to HI (24) or sham (24) within litter. On P7, male HI
animals were anesthetized (isoflourane, 2.5%) and an incision was made in the neck. The right
common carotid artery was located and cauterized, the incision was sutured, and pups were
placed in a temperature-controlled incubator to recover (see (Smith et al., 2014a; Hill et al.,
2011b) for more details). Sham animals were treated similarly but without carotid cauterization.
All pups were ID'ed by footpad injection, and returned to dams to feed (2 hours). Next, HI pups
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were placed in an airtight container on a temperature-controlled slide warmer, and exposed to
8% oxygen (balance nitrogen, 120 min). Sham animals were placed in a similar container with
room air (120 min). Subjects were then returned to dams until weaning (P21).
Behavioral Testing Design
All subjects (n=48) were tested on juvenile auditory processing (silent gap (SG) 0-100 ms
and SG 0-10 ms) to replicate previous findings (Smith et al., 2014a; Hill et al., 2011a, 2011b;
Alexander et al., 2013c). Following testing, animals were randomly split into two Groups (A, B;
n=12 sham/HI each). Group A (n=24) received additional adult auditory testing, and Group B
(n=23; one animal lost due to seizures) was assessed on an eight-arm radial arm water maze task.
Auditory Startle-Reduction
The startle reduction paradigm utilizes a subject’s acoustic startle reflex (ASR) -- a large
motor response to a startle-eliciting stimulus (SES). When the SES is preceded by a pre-stimulus
cue, the ASR is reduced, indicating detection of the cue (aka prepulse inhibition, PPI). During
testing, each animal was placed on a load-cell platform (PHM-252B; Med Associates) in a black
polypropylene cage in a quiet room. Output voltages were amplified (PHM-250-60), acquired
(Biopac MP100A-Ce Acquisition system), and displayed as waveforms (AcqKnowledge). Peak
values from the 150 ms epoch after the SES served as the subject’s response for a given trial.
Auditory stimuli were generated via Pentium III Dell PC and Tucker Davis Technologies (RP2)
real time processor, and were amplified (Niles SI-1260 Systems Integration) and delivered via
Cambridge Soudworks MC100 loudspeakers. Attenuation (ATT) scores were calculated by
average cued-trial peak divided by average uncued-trial peak, multiplied by 100 (cued
trials/uncued trials x 100; see Fitch et al., 2008 for additional details). All acoustic tasks used a
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50 ms 105 dB white noise burst as SES, with randomized cue presentation and inter-trial
intervals (16, 18, 22, or 24 sec).
Normal Single Tone (NST, P29 all animals (n=48))
The normal single tone task consisted of 103 trials (one day/session). For each trial, a 75dB, 7-ms, 2,300-Hz pre-pulse cue was presented 50-ms before the SES (50-ms 105 dB burst;
cued trial) or was absent (uncued trial). ATT scores acted as a measure of cue detectability, with
scores closer to 100% indicating poorer performance. This task provided a baseline measure to
reveal any hearing or PPI deficits that could affect further testing.
Silent Gap 0-100 (SG, P33-37 for all animals (n=48); P61 for Group A (n=24))
The silent gap detection task consisted of 299 trials using silent gaps embedded in 75 dB
broadband white noise as a cue. All animals were tested in the juvenile period (1 session/day for
5 consecutive days), and Group A animals were tested for one day in adulthood. On uncued
trials, the SES was presented randomly within the broadband white noise (variable ITI). On
cued trials, a silent gap (ranging from 0-100 ms) was presented 50 ms before the SES.
Silent Gap 0-10 (SG, p40-44 (n=48); P62-P65 for Group A (n=24))
This silent gap detection task was same as above, with subjects tested 1 session/day for 5
days in the juvenile period, and Group A subjects tested for 4 days in adulthood. Silent gaps of
0-10 ms (instead of 0-100 ms) served as the cue.
Eight arm radial water maze (Group B animals (n=23; P47-128)
Group B subjects were tested on the maze task. For a detailed description of the delayed
match to sample eight- arm radial water maze, see Chrobak et al., 2008. In brief, animals were
required to locate and mount a submerged platform located in an eight-arm-radial-water maze.
First animals were assessed on an acclimation trial to confirm baseline swimming ability,
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navigation, and ability to mount the escape platform. On a test day, animals received a forced
sample trial where only the start and the goal arm were open, “forcing” the animal to locate the
goal platform. After reaching the platform, animals received a 10- minute delay, and then a test
trial. Here, the animal was placed in a different start arm, with the goal arm remaining the same,
and all arms open. Testing consisted of 4 such sessions a week, for 12 weeks. The goal location
and start arm changed daily (sequences of start arms/goal locations varied systematically among
48 patterns), requiring the animal to keep a representation of the new goal arm in working
memory. We recorded the number of errors for each trial, as well as latency per arm choice. A
complete analysis of outcome data from this task is reported elsewhere (Smith et al., 2014b).
Finally, one day a week, rats were tested on Control trials. During these trials, no forced sample
was given, such that animals had to seek and find the platform without being shown the location,
thus providing a measure of chance level performance and swimming ability.
Histological analysis
Following completion of testing (P147), animals were weighed and anesthetized with
ketamine/xylazine (100 mg/kg/15 mg/kg) and transcardially perfused with 0.9% saline and 10%
buffered formalin phosphate. Brains were removed, weighed, and placed in formalin. Before
slicing, brains were placed in a 30% sucrose solution for cryoprotection, frozen, and sliced at 60
um using a cryostat. Every third section was mounted and stained (cresyl violet), and every
other mounted section was used for analysis. Using StereoInvestigator Microbright Field (MBF)
software on an Axio 2 Zeiss Microscope, volumes of the lateral ventricles, hippocampus, and
cortex were assessed. The fewest sections were counted to achieve a coefficient of error less than
.05 (stereological validity). Volumes were quantified using 100x magnification with Cavalieri’s
Estimator software and a grid overlay. All measurements were performed blind to Treatment.
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Statistical analyses
Statistical analyses were performed using SPSS 19.0 software with an alpha criterion of
0.05, and two-tailed analyses were used unless otherwise stated.
For auditory scores, a one-way analysis of variance (ANOVA) was initially performed to
examine Treatment effects on the NST task. A lack of significance confirmed that sham and HI
subjects (n=24/24) had equivalent hearing and PPI. We also assessed cue detection within each
group (cued vs. uncued) to confirm detection (paired samples t-tests). Further repeated measures
ANOVAs were performed on mean ATT scores for silent gap tasks in juveniles (all animals) and
adults (Group A), to assess Treatment effects (see Results). Notably, to confirm equivalency of
Group assignment, we analyzed auditory scores obtained from all subjects in the juvenile period
only (NST, SG 0-100, SG 0-10) as a function of Group/Treatment. These analyses confirmed
equivalency of A/B sham and A/B HI sub-groups (repeated measures ANOVA, Tukey tests),
thus confirming that we did not preferentially select poor performing animals for one subgroup
or another.
For the eight-arm radial water maze task, errors per trial across days within 12 testing
weeks were averaged into 6 Blocks, with scores for each block representing mean errors for a 2
week test period (i.e., 2 weeks = 1 block). A repeated measures ANOVA was performed on
average errors made for Group B HI and Sham animals. Additionally, average latency per choice
for each test trial was calculated as total latency to goal divided by errors + 1 (goal arm), and this
measure was analyzed by Block (repeated measures ANOVA, see Results). Control trial data
was also analyzed to confirm equivalent swimming ability, and no Treatment effects were seen
in either Block, confirming that subsequent HI deficits did not reflect impaired swimming.
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Bi-variate correlations (Pearson’s r) were also performed using previously determined
factors extracted from a varimax rotation factor analysis of behavioral measures. Six factors
were extracted and correlated as follows: short auditory gaps, long auditory gaps, errors in 1st
half of maze task, errors in 2nd half of maze task, latency per choice in 1st half of maze task, and
latency per choice in 2nd half of maze task. These factors were correlated in HI and sham
animals separately within each group (see Results).
Finally, to assess neuropathology, volumetric measures of right and left hippocampus,
cortex, and ventricles were analyzed via individual repeated measures ANOVAs (HI=22,
Sham=22). Two HI and 2 sham animals were excluded from these analyses due to compromised
tissue. To assess correlations between anatomy and behavior for HI animals, we calculated a
damage ratio score for each brain area (cortex, hippocampus and ventricles) as follows: right
volume divided by left volume (R/L) x 100. Using these asymmetry measures, we performed
additional bivariate correlations with the behavioral factors listed above (short auditory gaps,
long auditory gaps, errors in 1st half of maze task, errors in 2nd half of maze task, latency per
choice in 1st half of maze task, and latency per choice in 2nd half of maze task) to indicate
whether damage in one brain area was correlated to task performance. For shams, we used a
total volume measure (right volume + left volume) for each brain area, and correlated these
values with the same behavioral factors as HI animals (since damage indices were not relevant to
shams).

Results
Normal Single Tone (P30; all animals)
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Both groups exhibited significant detection of the NST as shown by paired samples ttests (HI: t(23)=6.232, p<.001; sham: t(23)=3.741, p<.002), with attenuation scores significantly
lower on cued trials for both groups of animals. A one-way analysis of variance (ANOVA) for
Treatment revealed no significant differences [F(1, 47)= 2.129, p>.05 ] (data not shown),
confirming all animals showed PPI and normal hearing. Therefore, any differences in
subsequent auditory tasks could be assumed to reflect deficits in processing specific stimuli.
SG 0-100 & SG 0-10 (Juvenile P33-P37 all animals; Figure 2.1a and 2.1b)
A 5 (Day) x 9 (Gap) x 2 (Treatment; HI and Sham) repeated measures ANOVA assessing
juvenile attenuation scores on SG 0-100 revealed a significant overall Treatment effect, with HI
animals performing worse than Shams [F(1,44)=7.252, p<.05; (Figure 2.1a)]. We also found a
significant Gap x Treatment effect, indicating that HI animals performed worse than Shams on
specific Gaps (all subjects unable to detect 2 ms) [F(8,44)=2.108, p<.05].
A 5 (Day) x 9 (Gap) x 2 (Treatment; HI and Sham) repeated measures ANOVA assessing
juvenile attenuation scores on SG 0-10 also revealed a significant overall Treatment effect, with
HI animals performing worse than Shams [F(1,46)=9.595, p<.005; (Figure 2.1b)]. We also
found a significant Gap x Treatment effect, indicating that HI animals performed worse than
Shams on specific Gaps (again with poor performance by all subjects on 2-3 ms gaps;
[F(8,46)=5.114, p<.001]).
SG 0-100 & SG 0-10 (Adulthood P61-P65 Group A; Figure 2.2a and 2.2b)
For Group A animals, a 9 (Gap) x 2 (Treatment; HI and Sham) repeated measures
ANOVA revealed a significant overall Treatment effect with HI animals performing worse than
Shams on SG 0-100 [F(1,22)=4.458, p<.05; (Figure 2.2a)]. We also found a significant Gap x
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Treatment effect, indicating that HI animals performed worse than Shams on specific Gaps (no
detection of 2 ms; [F(8,22)=2.146, p<.05]).
Additionally, a 5 (Day) x 9 (Gap) x 2 (Treatment; HI and Sham) repeated measures
ANOVA revealed a significant overall Treatment effect with HI animals performing worse than
Shams on the SG 0-10 task [F(1,22)=6.969, p<.05; (Figure 2.2b)]. Again we found a significant
Gap x Treatment effect indicating that HI animals performed worse than Shams on specific Gaps
[F(8,22)=2.174, p<.05].
Correlation results (Group A; data not shown)
A bivariate correlation to assess performance on silent gap tasks in juveniles vs. adults
for sham animals did not reveal any significant correlations for within-subject performance
across age. However, within the juvenile period, performance on long and short duration silent
gaps were positively correlated (p<.05). In adulthood, performance on long and short duration
silent gaps were again positively correlated (p<.005). A similar analysis for HI animals, on the
other hand, revealed a significant positive correlation between performance on long duration
silent gaps in the juvenile period and performance on long duration silent gaps in adulthood
(p=.05). Additionally, performance on long and short duration silent gaps were correlated in the
juvenile period (p<.005), and in adulthood (p<.005), in HI animals. These results are not shown
but parallel identical within-task correlations observed in Group B (Figure 2.3 & 2.4).
Eight Arm Radial Water maze task (Group B)
Latencies to mount a visible platform in a water escape task as well as control trials
throughout testing revealed no differences between HI and sham groups, indicating all animals
(regardless of HI injury) could swim. An in-depth evaluation of analyses on sub-measures of
maze performance as a function of Treatment is reported elsewhere (Smith et al., 2014b, Study
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2). In brief, a 6 (Block) x 2 (Treatment) repeated measures ANOVA revealed a significant
overall Treatment effect for average errors [F(1,21)=8.028, p<.05], with HI performing worse.
An additional 6 (Block) x 2 (Treatment) repeated measures ANOVA assessing latency per
choice also revealed a significant overall Treatment effect [F(1,21)=7.181, p<.05], indicating that
HI animals took less time to make an arm choice compared to shams (see Smith et al., 2014b for
discussion), a possible reflection of impulsivity.
Correlation results (Group B; Figure 2.3 & 2.4)
A bivariate correlation to assess juvenile performance across auditory tasks in Group B
sham animals also revealed significant positive correlations (p<.05; as seen in Group A). There
were no significant within-subject correlations between juvenile auditory scores and adult maze
indices, for any measure examined. Errors made in the 1st and 2nd half of maze testing were also
significantly positively correlated, while 1st and 2nd half latency per choice analyses approached
significance (p<.05; p=.065, respectively, shams only). Additionally, both 1st and 2nd half
latency per choice analyses significantly correlated negatively with errors during the 2nd half of
maze testing (i.e., longer latencies on both the 1st and 2nd half of testing associated with fewer
errors on the 2nd half of testing; p=.075, p<.05, respectively). This pattern was not seen when
examining errors in the 1st half of maze testing (i.e., 1st and 2nd half latency per choice
performance was not correlated with errors in the 1st half of maze testing). Taken together, we
interpret that sham animals that took longer to make an arm choice were more accurate in maze
performance. For HI animals, a similar analysis revealed a trend for significant positive
correlations between performance on long vs. short duration silent gaps in the juvenile period
(p=.07). No significant correlations (positive or negative) were found between performance on
auditory tasks and the maze task (i.e., neither performance on long or short duration silent gaps
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correlated with latency or error measures on the maze). In addition, within the maze task, 1st and
2nd half latencies were not correlated, nor were latency and/or error measures correlated within or
across testing blocks (1-3 vs. 4-6).
Histological results (Figures 5-7)
An overall 2 (Hemisphere) x 2 (Treatment) repeated measures ANOVA to assess right
and left cortical volume in HI and Sham animals revealed a significant Treatment effect with HI
animals having significantly smaller cortical volumes as compared to Shams [F(1,42)=4.615,
p<.05] (Figure 2.5). We also found a significant Hemisphere [F(1,42)=8.172, p<.05] and
Hemisphere x Treatment [F(1,42)=13.437, p<.005] effect, indicating that HI animals had smaller
right cortical volumes than shams. A similar effect was seen when examining hippocampal
volume, where a 2 (Hemisphere) x 2 (Treatment) repeated measures ANOVA revealed a
significant overall Treatment effect [F(1,42)=4.491, p<.05], as well as a significant Hemisphere
[F(1,42)=13.594, p<.005] and Hemisphere x Treatment effect [F(1,42)=9.669, p<.005] (Figure
2.6). Finally, a 2 (Hemisphere) x 2 (Treatment) repeated measures ANOVA of ventricular
volume revealed a significant Hemisphere x Treatment effect [F(1,42)=10.261, p<.005], with HI
animals showing significantly larger right ventricular volumes as compared to shams (Figure
2.7).
Histological Correlations (Figure 3 & 4)
Finally, a bivariate correlation was performed using the factors extracted from the
varimax rotation (short auditory gaps, long auditory gaps, errors in 1st half of maze task, errors in
2nd half of maze task, latency per choice in 1st half of maze task, and latency per choice in 2nd
half of maze task) and the damage ratio scores for the cortex, hippocampus and ventricles in HI
animals. Since this measure was not meaningful in shams, we used a total (left + right) volume
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score for each of the 3 structures. For sham animals, total hippocampal volume negatively
correlated with errors on the first half of the maze (p<.05). Additionally, ventricular volume
correlated positively with errors in the first half of the maze and negatively correlated with total
cortical volume (p<.05, p<.005, respectively; see Figure 2.3). Conversely, the correlation
analysis for damage indices in HI animals revealed significant positive correlations between
cortical and hippocampal damage (p<.002), as well as significant negative correlations between
cortical volume and ventricular damage (p<.005), and hippocampal and ventricular damage
(p<.05; see Figure 2.4). No significant correlations were seen between anatomy and behavior in
the HI group.

Discussion
The current study utilized an animal model of P7 HI injury, and sought to replicate
previously reported rapid auditory processing impairments in male P7 injured rodents on a silent
gap detection task, as well as to investigate whether early auditory deficits predict auditory
deficits in adulthood. In addition, we sought to examine memory impairments on the delayed
match-to-position eight-arm radial water maze paradigm, and correlate performance on this task
with early auditory processing scores. Here, we hypothesized that performance in the two
domains could be related, since auditory and memory impairments typically co-occur following
an HI insult (possibly reflecting a general severity of injury effect across domains (McGettigan et
al., 2011; Woodward et al., 2009). We also sought to determine whether damage in specific
brain areas correlated with performance on specific behavioral tasks, as might be expected.
Results provide interesting and novel evidence in support of two orthogonal neural systems
underlying auditory processing and memory.
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Replication of auditory processing deficits and Group A correlations
In accord with our hypotheses, we replicated auditory processing deficits in male P7 HI
rodents. Specifically, all male HI animals performed significantly worse overall than male
shams on both versions of the silent gap detection task. This significant deficit was apparent on
long silent gaps (SG 0-100; see Figure 2.1a) and short silent gaps (SG0-10; Figure 2.1b).
Moreover, overall significant adult deficits were seen (Group A) on SG 0-100 and SG 0-10 (HI
subjects again significantly impaired compared to shams; Figure 2.2a and b). This finding is
consistent with prior evidence that behavioral HI deficits persist into adulthood (Hill et al.,
2011a; McClure et al., 2005, 2006; Smith et al., 2014b; Alexander et al., 2013c), suggesting a
lack of recovery of function in P7 HI animals. This is supported by correlations that reveal a
significant correlation for performance on long duration silent gaps in the juvenile and long
duration silent gaps in adulthood, in HI animals (p=.05). These results are important given
clinical research showing that deficits in rapid auditory processing contribute to language deficits
as children age (Benasich & Tallal 2002; Downie et al, 2002).
Deficits on an 8-arm radial water maze
Our hypotheses were also supported in regards to the delayed match-to-position eightarm radial water maze task. Here, male HI animals made significantly more errors overall
(indicative of a memory impairment) as compared to shams (Group B; see Figure 2.3; results
discussed elsewhere; Smith et al., 2014b). Congruent with auditory results, these findings
indicate that behavioral deficits following HI persist into adulthood. Again, the clinical literature
is consistent, with substantial evidence pointing to persistent memory deficits in children that
undergo an HI insult (de Kleine et al., 2003; Orchinik et al., 2011; Potharst et al., 2013; Luciana
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2003). In fact, these cognitive deficits may even be more evident as affected children reach
school age, due to the more complex memory tasks and skills required (Sansavini et al., 2011).
Behavioral correlations between auditory and maze tasks (Group B)
An important aspect of the current study was the ability to assess whether impairments on
an auditory task in the juvenile period were correlated with impairments on the match-to-position
eight-arm radial maze task in adulthood. Our rationale for exploring this relationship derives
from clinical literature indicating that memory and auditory impairments are often co-morbid in
infants who suffer an HI insult (Woodward et al., 2009; de Kleine et al., 2003; Curtis et al.,
2006). We examined this issue by examining data from Group B subjects, who were tested on
both paradigms. Surprisingly, two separate bivariate correlations for HI and sham animals did
not reveal any significant positive or negative correlations for performance on the two different
tasks (see Figure 2.3 & 2.4). This finding implies that the underlying mechanisms responsible
for auditory processing and spatial memory are orthogonal (i.e., deficits or superiority in one
area are not predictive of deficits or superiority in another), in both groups of animals.
Moreover, it provides insight to our initial question regarding whether HI subjects show domainspecific deficits, or cross-domain impairments that are strongly inter-correlated. Our findings
suggest that when considering HI damage in the clinical population (where pathology is notably
variable; Barrett et al., 2007; Volpe 2009), deficits in one behavioral domain may not predict
deficits in another behavioral domain.
Bivariate correlations also revealed that performance on both adult auditory processing
tasks (SG 0-100 and SG 0-10) were positively correlated in both HI and Sham animals. This
finding supports the presence of a neural sub-system subserving gap detection which functions
orthogonally to systems subserving spatial memory. Importantly, Group A’s auditory processing
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data supports a within-domain correlation, with long and short duration silent gap performance
correlating within and across time points (juvenile and adult). This offsets arguments that maze
indices failed to correlate with earlier auditory scores in Group B simply because animals were
older, and affirms the within-domain stability and reliability of auditory factors.
In regards to internal task stability/validity within our maze task, (Group B) sham animals
revealed that both measures within the maze task (first and second half errors and latency per
choice) were correlated, with first and second half latencies approaching a significant correlation
(p=.065; see Figure 2.3). Additionally, in the second half of testing, number of errors correlated
with the first and second half latency per choice measure. However, unlike auditory factor
correlations, both first and second half latencies correlated negatively with errors in the second
half of testing. Specifically, longer latencies per choice were associated with fewer errors,
suggesting that subjects who took longer to make a choice were more accurate, a finding
discussed elsewhere (Smith et al., 2014b). Taken together, the correlations within and between
measures on the maze task also displayed internal validity.
In contrast to sham animals, latency per choice and errors were not correlated for HI
animals, indicating that these two measures are independent of one another and animals were not
taking more time to make more accurate choices. Perhaps a third orthogonal system subserving
attention leads to greater accuracy in less impulsive subjects. Given overall shorter latencies
among HI subjects despite more errors made compared to shams (data discussed in Smith et al.,
2014b), this attention system could be disrupted in HI subjects and could relate to impulsivity
characteristics that have been previously reported in the P7 HI model (Smith et al., 2014b;
Oorschot et al., 2007; Spencer 2007; Biederman 2003). However, while “attention” (as indexed
by longer latencies per choice) may predict better performance/fewer errors in shams, this
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association does not appear to be significant on a within-subject basis in the HI group. Possibly,
optimal functioning of attentional system in otherwise healthy (uninjured) rats might predict
performance on complex tasks, while damage to this system coupled with co-morbid
impairments may mask the association within the HI subject group.
Anatomical results and anatomy/behavior correlations
Anatomic results were consistent with prior reports from our lab, which showed that the
hippocampus, cortex and ventricles of HI animals were all significantly compromised compared
to sham animals (Smith et al., 2014a, 2014b; McClure et al., 2005, 2006; Alexander et al.,
2013c). Photomicrographs depict the severity of the HI injury in this study, but also indicate
substantial variability (Figure 2.8). Consistent with prior literature, we found that HI animals
displayed significantly smaller right hippocampal and cortical volumes, and larger right
ventricular volumes (as shown by a Hemisphere x Treatment interaction; see Figures 2.5-2.7).
However, when assessing whether hippocampal, cortical or ventricular volume correlated with
auditory and memory impairments, we found no significant correlations in HI animals. For
shams, we found a significant negative correlation between hippocampal volume and errors in
the first half of the maze. This is consistent with overwhelming evidence that the hippocampus
is associated with memory processing (Beauchamp et al., 2008). In addition, the significant
positive correlation between ventricular volume and errors in the first half of the maze, as well as
the significant negative correlation between ventricular volume and cortical volume, support the
inverse relationship between increased ventricle size and smaller cortical/hippocampal volumes.
These anatomical anomalies are also consistent with clinical reports of significant
changes in these brain areas in children born prematurely. For example, studies have shown that
VLBW children displayed smaller thalamic and hippocampal volumes than control children, and
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also show anomalies in the dorsolateral prefrontal cortex that could potentially relate to working
memory deficits (Lowe et al., 2011). Other studies point to ventral hippocampal lesions, as well
as cortical lesions, as possible factors in later cognitive and behavioral deficits (e.g., memory and
auditory processing deficits; Marquis et al., 2006; Peterson et al., 2000). Future studies should
examine more focal brain indices (for example, cellular parameters in auditory structures, or
connectivity in the prefrontal-striatal pathways), which may ultimately reveal more meaningful
correlations between anatomy and behavior in P7 HI animals and also in clinical populations.
Given the common use of gross measures of overall neonatal brain damage, the development of
more precise and individualized neuropathologic profiles could be profoundly useful in the
prognosis of individual outcomes, and also in the selection of patient-specific interventions.

Conclusion
In closing, the current study successfully replicated previously reported auditory
processing deficits in a P7 HI model, as well as memory impairments in a match-to-position
eight-arm radial water maze task. We show that HI animals exhibited deficits persisting into
adulthood, including auditory impairments (Group A HI animals) and memory impairments
(Group B HI animals). In addition, we found that early auditory processing deficits predict later
auditory processing deficits in adulthood (Group A HI animals). These combined findings are
consistent with clinical reports of similar behavioral deficits in children suffering from HI insult.
Finally, the most interesting finding in the current study is that auditory processing deficits are
not correlated with memory deficits in HI subjects. This was surprising since these same crossdomain impairments often co-occur in clinical populations. However, our results suggest that HI
can differentially affect independent neural systems, and the degree/pattern of domain-specific
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injury may be quite variable between subjects (i.e., impairments in one cognitive domain might
not be predictive of deficits in another cognitive domain). Future research should investigate
specific brain regions known to be associated with auditory and memory processes in clinical HI
populations and in animal models, to advance our understanding of specific HI effects on
neurobehavioral domains. Such findings would allow clinicians to provide more specific
predictions regarding long-term patterns of deficits, along with tailored interventions. Overall,
the current results pave the way for further studies to assess brain indices that may be predictive
of domain-specific cognitive deficits (rather than a general cross-domain severity of impairment
prognosis) following neonatal HI in the clinical population.
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Juvenile SG 0-100 (P33-P37; all animals)

Juvenile SG 0-10 (P40-P44; all animals)

Figure 2.1 (a). A 5(Day) x 9 (Gap) x 2 (Treatment; HI and sham) repeated measures a ANOVA
revealed a significant overall treatment effect, with HI animals performing worse on an SG 0100 task (P33-37, p<.05). (b). A 5 (Day) x 9 (Gap) x 2 (Treatment; HI and sham) repeated
measures ANOVA revealed a significant overall treatment effect, with HI animals performing
significantly worse on a SG 0-10 task (P40-44; p<.05).
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Adult SG 0-100 (P61; Group A animals)

Adult SG 0-10 (P62-P65; Group A animals)

Figure 2.2 (a). A 9 (Gap) x 2 (Treatment; HI and sham) repeated measures ANOVA revealed a
significant overall treatment effect, with HI animals performing worse on an SG 0-100 talk
during adulthood (P61, p<.05). (b). A 5 (Day) x 9 (Gap) x 2 (Treatment; HI and sham) repeated
measures ANOVA revealed a significant overall treatment effect with HI animals performing
worse on an SG 0-10 task during adulthood (P62-65, p<.05).
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Figure 2.3 A bi-variate correlation (Pearson’s r) for sham animals revealed significant positive
correlations between performance on short and long duration silent gaps (p<.05). Significant
positive correlations were also seen between the 1st and 2nd half of maze testing in regards to
errors made (p<.05). Latency per choice analyses showed a trend to be significantly positively
correlated during the 1st and 2nd half of maze testing (p=.065). Significant negative correlations
were also seen between latency per choice analyses on 1st half of maze testing and errors during
the 2nd half of maze testing (p=.075), as well as latency per choice analyses on 2nd half of maze
testing and errors during the 2nd half of testing (p<.05). Percent hippocampal damage was
positively correlated with errors on both the 1st (p<.05) and 2nd (p<.05) half of the maze. Percent
ventricular damage correlated negatively with errors in only the 1st half of the maze (p<.05).
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Figure 2.4 A bi-variate correlation (Pearson’s r) for HI animals revealed a trend for a significant
correlations between performance on short and long duration silent gaps (p<.07). Cortical and
hippocampal damage was positively correlated (p<.05), whereas cortical and ventricular damage
was significantly negatively correlated (p<.05). Hippocampal damage and ventricular damage
were also significantly negatively correlated (p<.05). All other comparisons were not
significant.
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Figure 2.5 An overall 2 (Hemisphere) x 2 (Treatment) repeated measures ANOVA revealed a
significant treatment effect, where HI animals had significantly smaller overall cortical volume
compared to shams (p < 0.05). We also found significant Hemisphere (p < 0.05) and Hemisphere
x Treatment (p < 0.005) effects, indicating that HI animals had smaller right cortical volumes
than shams. * p < 0.05.
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Figure 2.6 A 2 (Hemisphere) x 2 (Treatment) repeated measures ANOVA revealed a significant
overall Treatment effect (p<.05), as well as significant Hemisphere (*p<.005) and Hemisphere x
Treatment effect (p<.005). *p<.005
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Figure 2.7 A 2 (Hemisphere) x 2 (Treatment) repeated measures ANOVA revealed a significant
Hemisphere x Treatment effect (P<.005), where HI animals had significantly larger right
ventricular volumes compared to shams.
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Figure 2.8 Representative photomicrographs of Nissl-stained coronal sections representing a
typical sham brain (a), mild HI damage (b), moderate HI damage (c), and severe HI damage (d).
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Abstract
Hypoxia ischemia (HI; reduced oxygen and/or blood flow to the brain) is one of the most
common injuries among preterm infants and term infants with birth complications. Both
populations show cognitive/behavioral deficits, including impairments in sensory,
learning/memory, and attention domains. Clinical data suggests a sex difference in HI outcomes,
with males exhibiting more severe cognitive/behavioral deficits relative to matched females. Our
laboratory has also reported more severe behavioral deficits among male rats with induced HI
relative to females with comparable injury (Hill et al., 2011a, 2011b). The current study initially
examined published clinical studies from the past 20 years where long-term IQ outcome scores
for matched groups of male and female premature infants were reported separately (IQ being the
most common outcome measure). A meta- analysis revealed a female “advantage,” as indicated
by significantly better scores on performance and full scale IQ (but not verbal IQ) for premature
females. We then utilized a rodent model of neonatal HI injury to assess sham and postnatal day
7 (P7) HI male and female rats on a battery of behavioral tasks. Results showed expected deficits
in HI male rats, but also showed task-dependent sex differences, with HI males having
significantly larger deficits than HI females on some tasks but equivalent deficits on other tasks.
In contrast to behavioral results, post mortem neuropathology associated with HI was
comparable across sex. These findings suggest: 1) neonatal female “protection” in some
behavioral domains, as indexed by superior outcome following early injury relative to males; and
2) female protection may entail sex-specific plasticity or compensation, rather than a reduction in
gross neuropathology. Further exploration of the mechanisms underlying this sex effect could aid
in neuroprotection efforts for at-risk neonates in general, and males in particular. Moreover, our
current report of comparable anatomical damage coupled with differences in cognitive outcomes
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(by sex) provides a framework for future studies to examine neural mechanisms underlying sex
differences in cognition and behavior in general.

Introduction
Approximately 12–14% of US births are premature (<37 weeks gestational age (GA)) or
very low birth-weight (VLBW, <1500 g; Kochanek et al., 2012). Within this infant population,
hypoxia-ischemia (HI; decreased blood and/or oxygen to the brain) is a major cause of brain
damage and associated adverse outcomes (Barrett et al., 2007; Fatemi et al., 2009). The
fragility/immaturity of the premature neurovascular system can lead to HI, for example blood
pressure fluctuations that rupture capillaries and cause intraventricular (IVH) or periventricular
(PVH) hemorrhage (du Plessis & Volpe 2002; Volpe, 2001). These bleeds typically occur in the
subependymal germinal matrix, with necrosis and prolonged apoptosis of ventricular zone cells
(e.g., glial precursors; du Plessis and Volpe 2002; Volpe, 2001). Reperfusion failure (i.e.,
capillary collapse) is another common preterm injury, with resulting ischemia often leading to
periventricular leukomalacia (PVL; white matter tissue loss around the ventricles; Back et al.,
2012; Perlman, 1998). Preterm HI can also follow chronic lung dysfunction (Barrett et al., 2007;
Krageloh-Mann et al., 1999; Peterson, 2003).
Though less common, HI can also occur in term infants (2–4/1000 full-term births (.2–
.4%)), with hypoxic/anoxic injury caused by labor complications, cord compression, placental
abnormalities, or prolonged labor (Barrett et al., 2007; Fatemi et al., 2009; Vannucci & Hagberg,
2004; Vannucci & Vannucci, 2005). Neural injury following term HI typically includes diffuse
tissue loss (particularly in gray matter; Fatemi et al., 2009; McLean & Ferriero, 2004), as well as
altered neurochemical metabolite ratios that can predict long-term neurodevelopmental outcomes

97

(Izbudak & Grant, 2011; Thayyil et al., 2010). Anatomically, term HI injury manifests as tissue
damage/loss in cortex, basal ganglia and/or hippocampus (Fatemi et al., 2009; Huang and
Castillo, 2008; Jyoti et al., 2006; Martinez-Biarge et al., 2011; Vannucci, 2000; Volpe, 2001),
reflecting particular susceptibility of gray matter to glutamatergic excitotoxicity at this age
(Alvarez-Diaz et al., 2007; Fields, 2010; Huang and Castillo, 2008; Sie et al., 2000a). Term HI
generally leads to a global form of brain injury called hypoxic ischemic encephalopathy (HIE; de
Vries and Cowan, 2009; Fatemi et al., 2009; Izbudak and Grant, 2011; Volpe, 2001).
Given the detrimental neural effects of hypoxia ischemia, it is not surprising that HI
causes long-term behavioral consequences in preterm/term populations (Cserjesi et al., 2012;
Kent et al., 2012). For example, problems are often seen with language acquisition/processing in
preterm populations (as measured at later ages; Briscoe et al., 1998; Casiro et al., 1990; JanssonVerkasalo et al., 2004a, 2004b; Marlow et al., 2005; Steinman et al., 2009). Term infants with
HIE also show lower language, reading and spelling scores compared to matched control
children at school-age (Badawi et al., 2001). A proposed mechanism contributing to language
deficits is underlying difficulties in rapid auditory processing (RAP; the ability to discriminate
differences between rapidly presented auditory cues such as /ba/ versus /da/), with early (6–12
months) RAP deficits highly predictive of later language performance scores (Benasich et al.,
2006; Choudhury et al., 2007; Downie et al., 2002). In fact, early RAP scores are predictive of
language outcomes in both typically developing and at-risk children (Benasich, 2002; Benasich
& Tallal, 2002; Benasich et al., 2002, 2006; Fitch & Tallal, 2003; Sie et al., 2000b; Trehub &
Henderson, 1996). Accordingly, deficits in rapid auditory processing (and other aspects of
speech processing) are seen in VLBW children (Ortiz-Mantilla et al., 2008), as well as
preterm/term populations with evidence of HI insult (Downie et al., 2002; Gallo et al., 2011;
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Jansson-Verkasalo et al., 2004a; Robertson and Finer, 1985).
In addition to speech/language impairments, infants with HI injury also show deficits in
learning, memory and executive functioning (Edgin et al., 2008; Luu et al., 2011). For example,
children that undergo an HI insult during infancy score lower than expected on memory quotient
scores (Gadian et al., 2000), and display poor performance on spatial memory tasks (Baron et al.,
2011; Curtis et al., 2006). Term infants with severe HI insult also display deficits on “everyday
memory tasks” in adolescence as compared to matched children with mild HI insult (Marlow et
al., 2005).
Finally, neonatal HI is often associated with impairments in visual attention, as well as a
higher than expected diagnosis of disorders such as ADHD (Aarnoudse-Moens et al., 2009; de
Kieviet et al., 2012; Getahun et al., 2013; Lindstrom et al., 2011; Lou, 1996; Perricone et al.,
2013; Scott et al., 2012; Shum et al., 2008; Sun & Buys, 2012). Specifically, premature children
with HI damage show deficits in visual perception, visuomotor integration, visual recognition,
and visuospatial processing (Fazzi et al., 2009), and other studies report reduced visuospatial
function and visual attention impairments in premature infants, as well as infants diagnosed with
HIE (Baron et al., 2009; Lindstrom et al., 2011; Mercuri et al., 1997, 1999).
Most of the studies described above report average scores for groups of “at risk” infants
including both sexes, but report only combined scores. Yet evidence suggests important
differences between males and females. For example, infant males are 61% more likely to suffer
stroke (Golomb et al., 2009, 2010), and show a higher incidence of prematurity, anoxia,
intraventricular hemorrhage, and mortality from prematurity (Lauterbach et al., 2001; Mayoral et
al., 2009; Peacock et al., 2012; Raz et al., 2004, 2010). Moreover, males are more likely to be
diagnosed with neurodevelopmental disorders, and are more likely to exhibit cerebral palsy
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compared to females with comparable injury (Donders and Hoffman, 2002; Gualtieri et al., 1985;
Lauterbach et al., 2001; Rutter et al., 2003). Interestingly, the heightened susceptibility of males
to severe HI insult parallels exacerbated cognitive and behavioral deficits that follow HI
(Hindmarsh et al., 2000; Kent et al., 2012; Kesler et al., 2008; Peacock et al., 2012). Specifically,
males with neonatal HI injuries score lower than females with comparable injury on IQ tests and
other measures of cognitive/developmental outcomes (Aylward, 2002, 2005; Begega et al., 2010;
Lauterbach et al., 2001; Leversen et al., 2011; Morsing et al., 2011; Raz et al., 2004; Wallace et
al., 1995). Nonetheless, the mechanisms underlying a sex difference in outcomes are unknown.
Some evidence suggests that testosterone may exacerbate injury (McCarthy, 2008), or that
estrogen/progesterone could be protective (Carwile et al., 2009; McCullough & Hurn, 2003), and
other evidence suggests sex differences in cell death pathways that may favor females (Lang &
McCullough, 2008; Liu et al., 2009; Manwani & McCullough, 2011; McCullough et al., 2005).
To further explore HI effects on behavioral outcomes, rodent models have been used
(Vannucci & Vannucci, 1997; Vannucci et al., 1999), with postnatal day (P)7 HI male rats
showing deficits in rapid auditory processing (RAP; Alexander et al., 2013a, 2013b; Hill et al.,
2011a, 2011b; McClure et al., 2005, 2006, 2007; Smith et al., 2014c). Similar RAP deficits are
seen in males using rodent models of neonatal brain injury (e.g., induced microgyria; Peiffer et
al., 2001, 2002, 2004; Threlkeld et al., 2006, 2007) as well as prenatal teratogenic exposure
(Threlkeld et al., 2009) — indicating that RAP deficits in animal models could index neural
disruptions that may be associated with language impairments in human populations.
Learning/memory impairments have also been reported in P7 HI male rats on Morris water maze
and other spatial tasks (Arteni et al., 2003; Balduini et al., 2000; Hill et al., 2011a, 2011b; Ikeda
et al., 2001; McClure et al., 2006, 2007), as well as non-spatial learning/memory tasks (Hill et
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al., 2011a), and choice reaction time (CRT) tasks (an assessment of attention; Arteni et al., 2010;
Ikeda et al., 2001; Mishima et al., 2004). Interestingly, few of these studies used male and female
rats with comparable injuries, although the few studies that have investigated behavioral
outcomes in male and female rodents with comparable perinatal brain injury have repeatedly
shown a female advantage (Hill et al., 2011a, 2011b; Peiffer et al., 2002, 2004).
The scarcity of research in this area forms the rationale for the current study. Initially, we
performed a meta-analysis of outcome data from studies of human premature populations that
provided mean and standard deviation IQ data for matched males and females separately, to
confirm the sparse but consistent literature reports of sex differences in outcomes.2 Next, we
designed a rodent study to assess HI-induced sex differences on a battery of behavioral
paradigms. Specifically, we employed male and female rats with HI induced on postnatal day 7
(P7)—a time point comparable to neurodevelopmental indices of human term (40 weeks
gestational age).3 We examined performance on RAP tasks, maze tasks indexing spatial and nonspatial learning/memory, and visual attention (5CSRT). We hypothesized that HI injured-males
would display robust behavioral impairments on all of the behavioral tasks as compared to male
shams, while female rats with HI injury might be “protected” from behavioral impairment. We
also hypothesized that the pattern of HI-induced brain injury would be more severe in males as
compared to females.

2

Due to the large disparity in HI incidence for premature versus term infants (12-14% vs. 1-2%), it is not
surprising that we found no sex-specific follow-up data on HIE (term populations) for meta-analysis
(noting that it would have been preferable to analyze such a dataset). For this reason we used available
follow-up data (i.e., from premature infants inherently at risk for HI injury).
3
Even though data from preterm infants were used for the meta-analysis, the P7 HI model (modeling term
HI injury) was used here based on the more robust behavioral deficits seen in the P7 HI model as
compared to the P3 model (which stimulates HI during preterm birth; see Alexander et al., 2013c).
Specifically, we decided that the P3 model would not be optimal for an initial examination of sex
differences. Future research on sex differences using the rodent model should, however, be conducted
using P3 HI.
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Methods
Human literature
Subjects
Due to a scarcity in reported outcome measures for neonatally HI-injured populations
reporting separate scores for males and females, outcome measures for infants at risk for HI
incidents (e.g., premature infants) were used. Gestational ages and other criteria used to define
subject inclusion are provided in Table 3.1. Note that despite some variance in subject criteria
across studies, male and female samples were always matched within study.
Meta-analysis
Literature searches were performed to find previously published articles addressing
outcomes for premature (or otherwise at risk) neonatal samples, and that reported male and
female cognitive outcomes for matched populations separately. We selected full scale IQ (FIQ),
verbal IQ (VIQ), and performance IQ (PIQ) as measures of comparison between males and
females (these being the most frequently reported measures), and thus only studies reporting IQ
were included.4 All studies found between 1992 and 2012 that met these criteria were included in
the meta-analysis. Statistical methods are further detailed in the Statistical analyses section.
Rodent assessments
Subjects
4

Though IQ measures are frequently used to measure cognitive abilities following preterm birth, and
lower IQ scores have consistently been correlated with low birth weight (Aylward 2005), it should be
noted that these assessments provide a somewhat non-specific index of cognitive capabilities (IQ scores
may even mask subtle deficits in premature children). However, the scarcity of reports using more
specific outcome measure with male and female data reported separately prevented us from using such
measures for meta-analysis. Furthermore, while noting the limits in relating IQ sub-scores to rodent
behavioral data, substantial research has demonstrated task validity in behavioral rodent research using
these same tasks, including their use in studying rodents models for a wide array of human clinical
conditions.
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Time-mated pregnant female Wistar rats were delivered to the University of Connecticut
from Charles River Laboratories (Wilmington, MA) on embryonic day 5 (E5) to avoid shipping
stress. Dams were housed in the University of Connecticut OARS facility in a 12-h light/dark
cycle. Pups were born on E22 and culled to litters of 5 males and 5 females (10 total) on P1.
Pups were weaned on P21 and pair-housed with like-treated littermates. At P49, animals were
single housed for further behavioral testing and received food and water ad libitum. All
procedures were approved by the University of Connecticut Animal Care and Use Committee.
Induction of hypoxia-ischemia
On P7, male and female pups were randomly assigned to receive sham or HI surgery. All
pups were anesthetized with isoflourane (2.5%), and an incision was made vertically in the neck.
In HI animals, the right common carotid artery was located, separated from surrounding tissue,
and cauterized to restrict blood flow to the right cerebral hemisphere. The incision was then
sutured, and pups were marked with a footpad injection for identification at weaning. Pups were
placed in an incubator to recover from anesthesia, and were then returned to their dams for 2 h to
feed. Sham animals received a similar surgical procedure, but without artery cauterization. After
2 h of recovery (allowing time to feed), HI animals were placed under a warming lamp in an airtight container placed on a temperature-controlled slide warmer (air temperatures maintained at
approximately nest temperature). HI animals were exposed to 8% oxygen (balanced with
nitrogen) for 120 min, while sham animals were placed in a similar container with normal air
exposure for 120 min. All pups were then returned to their mothers until weaning on P21.
Behavioral testing: startle-reduction
The startle reduction paradigm utilizes the subject's acoustic startle reflex (ASR), which
is a large motor response to a startle-eliciting stimulus (SES; 105 dB white noise burst). When
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the 50-ms 105-dB SES is preceded by a pre-stimulus cue, a reduction is seen in the ASR, with
the magnitude of attenuation indicating the degree of animal's detection of the cue. This is
referred to as pre-pulse inhibition (PPI), and allows a measure of relative cue detectability based
on a comparison of ASRs following the pre-pulse cue (i.e., cued versus uncued). These
comparisons allowed for a calculation of an attenuation (ATT) score as an objective measure of
detectability of the cue on a specific task (see Fitch et al., 1997, for review). Where multiple cues
were used in a session, mean values for each cue were compared to the mean uncued response.
Behavioral testing apparatus
To acquire each animal's ASR, subjects were placed on a Med Associates PHM-252B
load cell platform in a black polypropylene cage, in a quiet testing room. Output voltages from
each platform were sent from a PHM-250-60 linear load cell amplifier to a Biopac MP100A-CE
Acquisition system connected to a Power Macintosh G3. This apparatus recorded the amplitude
of each subject's startle reflex (mV) from the onset of the SES, and was displayed in a waveform
using the computer program Acqknowledge. Each subject's peak value in the 150 ms epoch after
SES presentation served as the subject's response amplitude for a given trial (in mv). Auditory
stimuli were generated on a Pentium III Dell PC with custom programmed software and a
Tucker Davis Technologies (RP2) real time processor, amplified by a Niles SI-1260 Systems
Integration Amplifier. Sound files were delivered through 10 Cambridge Soundworks MC100
loudspeakers placed 53 cm above the platforms. Attenuation scores were calculated by dividing
each animal's cued trial score by their uncued trial score, and multiplying this score by 100 to get
a percentage (cued trials / uncued trials ∗ 100).
Normal single tone (NST, P31)
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The normal single tone task was performed on P31 to ensure all animals could perform
the prepulse inhibition task at subsequent levels of testing. On this task, there was no background
noise. Rather, a cue was or was not presented before an SES. Specifically, on cued trials subjects
were presented with a 75-dB, 7-ms, 2300-Hz tone, followed 50 ms later by the 105 dB, 50 ms
SES. On uncued trials, only the 105 dB SES was presented. This task provided a baseline ATT
measure to reveal any processing or hearing deficits that might affect further testing. All animals
were tested on NST for one day.
FM Sweep procedure (juv: P46-P50; adult: P60-P64)
The FM sweep procedure required animals to detect an acoustic “up- sweep” inter-leaved
in a background of repeating “down-sweeps.” Specifically, the background was a repeated
presentation of a 75-dB downward frequency sweep (2300–1900 Hz), which varied in duration
(275, 225, 175, 125, or 75 ms) for each session on different days (1 duration per session).
Sweeps were separated by a between-stimulus ISI that was always 200 ms greater than the sweep
duration. Additionally, inter-trial intervals (ITIs) of 16, 18, 22, or 24 s defined each trial (which
is completed by presentation of the SES). The uncued trials consisted of the same “down-sweep”
presented 50 ms before the SES. Cued trials consisted of a spectrally reversed “up-sweep”
presented 50 ms before the SES. This task was administered with increasing difficulty
(progressively shorter duration sweeps over days) for one week in the juvenile period, and one
week in adulthood.
Behavioral testing: water maze and water escape
Water maze tasks utilized a Sony Handcam DCR-TRV280 camera mounted above a 48in. diameter tub filled with water (~22 °C). This camera recorded the path taken by each animal
in the tub. A Smart Video Tracking System Version 2.5 connected to a Dell Dimension E521
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computer translated each animal's path, and recorded the latency to find a submerged 8-in.
diameter platform located 2 cm below the surface of the water.
Prior to water maze assessments, subjects were tested on a water escape task (P66). This
task provided an assessment of swimming ability, and provided acclimation to further water
maze testing. The water escape task utilized an oval water filled tub with a visible platform
located at one end. Animals were placed in the pool from the opposite side of the platform and
were required to swim to the visible platform. If the rat did not swim to the visible platform after
45 s, it was guided to the platform and remained there for 10 s.
Morris water maze (MWM, P67-P71)
The Morris water maze was used to assess spatial learning/memory. In this task, each
animal had to use spatial cues to locate a submerged platform that remained in a fixed location.
To find the platform, animals used extra-maze cues around the testing room such as large black
shapes painted on the surrounding walls and the doorframe. No intra- maze cues were present, to
ensure the reliance on extra-maze cues. At the start of the testing day, each animal was placed in
the maze at one of four starting locations (N, S, E, or W quadrant of the pool). The animal was
then required to swim until it found the hidden platform, which was always located in the
southeast quadrant of the pool. Each animal had 45 s to find the platform. If 45 s elapsed before
the animal found the platform, the experimenter guided the rat to the platform and allowed the
animals to sit for 10 s. Following each trial, the subject was placed in a holding cage under a
warming lamp for 2 min, or until the next subject completed the trial. On the three remaining
trials, each rat was placed into the pool from one of the three remaining starting points. This
procedure was repeated for 4 days, with the order of the starting quadrants changing each day.
Non-spatial water maze (NSM, P74-P78)
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To assess non-spatial learning/memory, a non-spatial version of the water maze was used.
Testing occurred in the same 48-in diameter pool as the MWM, but utilized intra-maze cues as a
guide for the animal to find the same submerged 8-in escape platform. Intra-maze cues consisted
of black and white vertical lines, horizontal lines, diagonal lines sloping down to the left, and
diagonal lines sloping down to the right. These cues were placed in the four quadrants of the
pool, and were changed at the beginning of each test trial (order was randomly selected at the
beginning of each testing day). For each trial, the escape platform was located in a different
quadrant of the pool (NW, NE, SW, SE), along with its associated intra-maze cue (vertical black
and white lines). The starting position of the animal remained constant. The escape platform was
associated with the same cue throughout the duration of testing. For each trial, animals were
given 45 s to locate and mount the submerged platform before being guided to its location and
allowed to sit for 10 s. This procedure was repeated for 4 days, and assessed learning/memory
orthogonal to spatial cues.
Visual attention: 4-choice serial reaction time task (5CSRT; P88-P123)
A 5-choice serial reaction time task was employed to assess visual attention. In this task,
animals were required to pay attention and respond to visual stimuli (5 LED illuminated nosepoke holes). For a week prior to experimental testing, animals were placed on a restricted diet (5
g of chow per 100 g of weight per day, with the amount of food varying for each subject based
on weight). The testing apparatus consisted of 5 square holes located on the inside front wall of
the operant box, with a pellet dispenser located on the opposite wall. During testing, brief flashes
of light were presented from one of the 5 apertures. Subjects were required to attend to these
apertures and correctly identify the illuminated hole with a nose poke. Animals were rewarded
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with a sugar pellet (45 mg, BioServe) if they correctly identified the illuminated hole. This acted
as a motivating factor, since animals were food restricted prior to testing.
Throughout the testing period, animals were assessed on progressively harder tasks. At
the start of behavioral assessment, animals were tested on one day of habituation and 3 days of
nose poke training. This was to familiarize subjects with the requirements of the task. Following
initial training, subjects were tested on additional tasks that were gradually made more difficult.
These consisted of (in order of increasing difficulty): 60-second stimulus duration (i.e., light on
for 60 s; 3 days of testing); 30-second stimulus duration (3 days of testing); 10-second stimulus
duration (3 days of testing); 5-second stimulus duration (2 days of testing); and half second
stimulus duration (2 days of testing). Animals were moved onto harder tasks when all groups
averaged over 50% correct responses. For the aforementioned tasks, the inter-trial interval was
held constant at 5 s, while the position of the target light for each trial varied randomly. The
second experimental condition varied the spatial location of the light stimulus as well as the
inter-trial interval. In this task (called the variable inter-trial interval (VITI) task), the stimulus
duration (light-on period) remained at 5 s. Subjects were tested for 5 days on this most difficult
version of the task. During all 5CSRTT testing, percent correct responses, average latency to
make a correct response, premature responses, and percent omissions were measured and
calculated.
Rodent histology and neuropathologic assessments
Following rodent behavioral testing, all animals were weighed, anesthetized with
ketamine (100 mg/kg) and xylazine (15 mg/kg), and transcardially perfused with 0.09% saline
followed by 10% buffered formalin phosphate. Brains were extracted from the skull, weighed
and placed in formalin. Prior to slicing, brains were placed in a 30% sucrose solution for
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cryoprotection, frozen, and then sliced at 60 μm using a cryostat. Every third section was
mounted on a slide, and stained using cresyl violet. Volumes of the lateral ventricles,
hippocampus, and cortex were assessed using Stereo Investigator Microbright Field (MBF)
software on an Axio 2 Zeiss Microscope. Volumes were quantified using 100× magnification
with Cavalieri's Estimator software and a grid overlay. All measurements were performed blind
to Treatment group.
Statistical analyses
Meta-analysis
The meta-analysis on reported clinical outcome data was performed with the aid of the
University of Connecticut Statistics Center. SAS statistical software and a random coefficient
regression model were used to fit the meta-data (including group n, means, and SE) as obtained
from published studies. The random coefficient regression model assumes K randomized studies,
using zk to denote gender (with 1 for female and 0 for male, for the kth study) and using y1k and
y2k as the mean out- comes of the male and female group, respectively. Using standard
deviations SE1k and SE2k (etc.), the random coefficient regression model to fit the meta data is
as follows: yjk=β0+β1zk+e0k+ejk, ejk ~ N(0,se2jk), in which β0 and β1 are the fixed
regression coefficients and e0k is the random intercept. We assumed that e0k ~ N(0,V2), where
V2 captures the between-study parameter and e0k and ejk are independent.
The above equation was applied to the selected datasets using re- ported means, SDs, and
subject numbers (see Table 3.1). The results are presented in the table as the mean ± standard
deviation (SD) and were evaluated using an alpha-level criteria of .05.
Rodent assessments
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All statistical analyses for rodent assessments were performed using SPSS 19.0 software
with an alpha criterion of .05. Forty-six subjects (M HI=11, F HI=12, M Sham=12, F Sham=11)
were used (unless otherwise stated for specific analyses). Based on a priori hypotheses, overall
Treatment × Sex comparisons were made across all groups, and then separately within sex (M
sham vs. M HI, F sham vs. F HI) via independent samples t-tests (to assess Treatment effects
within each sex).
For auditory tasks, attenuation (ATT) scores were used for analyses. An analysis of
variance (ANOVA) was initially used to compare all groups on the normal single tone task. This
was to ensure that all groups displayed no differences in PPI and/or simple tone processing. A
repeated measures ANOVA was then used to analyze ATT scores for FM sweep tasks, in both
the juvenile period and at adulthood. Mean subject ATT scores for various sweep durations were
pooled into Long (Sweep 275 & 225 ms) and Short (Sweep 125 & 75 ms), rendering variables of
analyses that included: Duration (2 levels; long, short); Age (2 levels; juvenile and adulthood);
Sex (2 levels; male, female), and Treatment (2 levels; HI, sham). Individual ANOVAs were also
performed to assess Treatment effects within each Sex. Auditory data is presented such that
higher scores indicated poorer performance (100% = chance, or failure to discriminate the cue).
For both maze tasks, total latencies to goal were collapsed over 4 days of testing. An overall
repeated measures ANOVA was then used, with variables that included: Day (4 levels), Sex (2
levels; male, female) and Treatment (2 levels; HI, sham). Independent samples t-tests were
performed to analyze the effect of Treatment within each Sex separately.5 Visual attention was
assessed with percent correct responses on each testing condition and averaged over each
session. An overall repeated measures ANOVA was performed with variables including Task (6
5

Independent samples t-tests were performed within various groups (where significant overall effects
were found by ANOVA), rather than post hoc tests, based on specific prior prediction/hypotheses (and as
supported, in most cases, by prior published findings).
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levels), Sex (2 levels; male, female), and Treatment (2 levels; HI, sham). Finally, ANOVAs were
used to compare volumes of the right and left hippocampus, cortex and ventricles, between all
groups (with Hemisphere as a repeated measure with 2 levels: right, left). Individual independent
samples t-tests were used to compare the right hemisphere of all structures within each Sex,
using Treatment as the dependent variable.
Results
Meta-analysis results
Our meta-analysis of outcome data from studies in which long-term IQ outcomes (fullscale IQ (FIQ), performance IQ (PIQ), and verbal IQ (VIQ)) were measured for various matched
premature populations (using both male and female means) revealed the following results. For
FIQ, the results of our meta-analysis yielded an effect of p < .01, indicating a significant sex
difference with premature females displaying superior outcomes compared to males. Similarly,
for PIQ, our meta-analysis revealed a significant effect (p < .005) with premature females again
showing a better outcome compared to males. For VIQ, we found no significant effect (p = .11)
between sexes, thereby indicating similar performances for males and females. However, verbal
IQ means were in the expected direction (female > male; Table 3.1).
Rodent assessment results
Normal single tone (NST)
An ANOVA including all four groups (M HI, M Sham, F HI, F Sham) revealed no
significant effects of Sex or Treatment, [F(3,42) = .599, p > .05] (data not shown), nor any
interactions. This affirmed that all animals, regardless of Sex and Treatment, could show simple
pre-pulse inhibition using a single tone as a cue. Therefore, we were able to attribute significant
differences of ATT scores on more complex auditory tasks to deficits in processing specific
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stimuli and not differences in ability to hear the cue, nor PPI impairments.
FM sweep (juv: P46-P50; adult: P60-P64)
An overall repeated measures ANOVA was performed across all subjects as a function
of: sweep Duration (2 levels; long, short); Age (2 levels; juvenile, adulthood); Sex (2 levels;
male, female); and Treatment (2 levels; HI, sham). Results showed a main effect of Age [F(1,42)
= 47.846, p < .001] and Duration [F(1,42) = 20.113, p < .001], indicating that scores were better
in older animals and for longer duration stimuli. We also found significant main effects of Sex
[F(1,42) = 8.755, p < .05] and Treatment [F(1,42) = 6.969, p < .05], indicating that males
performed better overall, and that HI subjects were worse overall. There was also a significant
Duration × Sex × Treatment interaction [F(1,42) = 6.105, p < .05], indicating that males and
females performed differently at each Duration as a function of Treatment. To further assess this
interaction, a 2 (Duration) × 2 (Age) repeated measures ANOVA for males only revealed an
overall Treatment effect [F(1,21) = 5.715, p < .05], indicating that HI males performed
significantly worse than sham males overall at both long and short durations (Fig. 3.1a). For
females, a 2 (Duration) × 2 (Age) repeated measures ANOVA revealed a significant Duration ×
Treatment interaction [F(1,21) = 10.411, p < .005], reflecting worse performance by HI females
only at short durations (Fig. 3.1b). To further confirm these sex-specific patterns, separate
ANOVAs were performed within each Sex to assess the effects of Treatment at each Duration
(including Age (2 levels) as a factor). For males, this revealed a significant effect of Treatment at
long durations [F(1,21) = 4.528, p < .05] and a near- significant effect at short durations [F(1,21)
= 2.329, p = .07, one tailed].6 For females, these analyses revealed a significant effect of
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A one-tailed test was used here given numerous published reports of significant deficits for the short
duration RAP task in P7 HI male rats (thus supporting effects in only one direction). One-tailed tests were
not used to analyze female data because the more limited published reports available do not
unequivocally support the presence of an effect in only one direction.
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Treatment only at short durations, [F(1,21) = 7.544, p < .02] with no significant Treatment effect
at long stimulus durations.
Morris water maze (P67-P71)
An overall 4 (Day) × 2 (Treatment) × 2 (Sex) repeated measures ANOVA revealed a
significant Day × Sex interaction [F(3,126) = 3.481, p < .05], as well as significant main effects
of Sex [F(1,42) = 6.974, p < .02] and Treatment [F(1,42) = 20.971, p < .005] (Fig. 3.2a). These
results indicate that females had longer latencies than males (a well-established sex difference,
see Keeley et al., 2013), and also that HI subjects were worse than shams overall. Additionally,
there was a significant Sex × Treatment interaction [F(1,42) = 4.543, p < .05], which reflected a
much more robust effect of Treatment for males as compared to females. To further assess the
significant Sex × Treatment interaction, the total latency to goal (over 4 trials per day) was
collapsed over 4 days, and Treatment effects within each Sex were assessed separately. For
males, an independent samples t-test revealed a significant Treatment effect [t(21) = 4.372, p <
.005], with HI males performing worse than sham males. However, for females, an independent
samples t-test did not reveal any significant effect of Treatment [t(21) = 1.909, p < .05].
Non-spatial maze (P75-P78)
An overall 4 (Day) × 2 (Treatment) × 2 (Sex) repeated measures ANOVA revealed a
significant effect of Day [F(3,126) = 16.092, p < .005] and a significant effect of Treatment
[F(1,42) = 14.862, p < .05], indicating that HI subjects did worse overall (Fig. 3.2b). The total
latency to goal was then collapsed over 4 days, and Treatment effects within each Sex were
assessed separately. For males, an independent samples t-test revealed a significant effect of
Treatment [t(21) = 4.702, p < .005]. However, for females, an independent samples t-test did not
reveal a significant effect of Treatment [t(21) = 1.502, p > .05].
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Visual attention (P88-P123)
Due to complications with the visual attention equipment on one day, 5 animals were
dropped from analyses (2 HI males, 1 HI female, and 2 female shams). A 6 (Task) × 2 (Sex) × 2
(Treatment) repeated measures ANOVA revealed an overall effect of Task [F(1,37) = 45.881, p
< .05], as well as significant Sex [F(1,37) = 12.111, p < .005] and Treatment effects [F(1,37) =
5.406, p < .05; Fig. 3.3]. These effects revealed that males performed overall better than females,
and HI subjects performed worse than shams across both Sexes. No Sex × Treatment interaction
was found.
Histological results
Volumetric measures of the cortex, ventricles, and hippocampus were analyzed as a
function of Treatment and Hemisphere. For cortical volume, a 2 (Treatment) × 2 (Sex) × 2
(Hemisphere) repeated measures ANOVA revealed a significant Hemisphere [F(1,38) = 50.558,
p < .05] and Treatment effect [F(3,38) = 7.296, p < .05], with the right cortex significantly
smaller than the left in HI animals (Fig. 3.4a). This was further reflected by a significant
Hemisphere × Treatment interaction [F(3,38) = 20.872, p < .05]. Individual independent samples
t-tests on right cortex revealed a significant effect of Treatment for males [t(21) = −6.313, p <
.05], as well as for females [t(21) = −4.639, p < .05], with the right cortex smaller in HI animals
as compared to matched shams of both sexes. A similar analysis was performed to assess
ventricular volume. A 2 (Treatment) × 2 (Sex) × 2 (Hemisphere) repeated measures ANOVA
again revealed significant Hemisphere and Treatment effects [F(1,38) = 6.545, p < .05; F(3,38) =
6.281, p < .05], with right ventricular volume significantly larger than the left in HI animals
(indicating ventriculomegaly of injured subjects; Fig. 3.4b). Further independent samples t-tests
were performed for each Sex using the right Hemisphere only. These analyses again yielded
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significant Treatment effects in both males [t(21) = 3.369, p < .05] and females [t(21) = 2.457, p
< .05], with larger measures in HI animals. Finally, a 2 (Treatment) × 2 (Sex) × 2 (Hemisphere)
repeated measures ANOVA to assess hippocampal volume revealed a significant Hemisphere
[F(1,38) = 45.093, p < .05] and Treatment effect [F(3, 38) = 6.352, p < .05], indicating right
hippocampal volume was significantly smaller than the left in HI animals (Fig. 3.4c). There was
also a significant Hemisphere × Treatment interaction [F(3,38) = 8.238, p < .05]. Further
independent samples t-tests were again used to assess Treatment effects within each Sex, within
the right Hemisphere only. These analyses revealed a significant reduction in volume for the
right Hemisphere in HI injured male and female animals as compared to matched shams [t(21) =
−4.733, p < .05 for males; t(21) = −4.525, p < .05 for females].
Discussion
Overview
Hypoxic ischemic brain injury is a common form of brain damage that often follows
premature birth, as well as serious term birth complications. In the neonatal HI population,
neural injuries are variable but clearly lead to an array of cognitive and behavioral impairments
as children age. Included among these behavioral impairments are deficits in auditory processing
and language outcomes (Baron et al. 2009; Aylward, 2005; Casiro et al., 1990; Choudhury et al.,
2007; Downie et al., 2002; Feldman et al., 1994; Gallo et al., 2011; Hopkins-Golightly et al.,
2003; Jansson-Verkasalo et al., 2004a, 2004b; Steinman et al., 2009), visual attention (Fazzi et
al., 2009; Mercuri et al., 1997; Ortiz-Mantilla et al., 2008), and learning/memory (Baron et al.,
2011; Briscoe et al., 1998; Curtis et al., 2006; Gadian et al., 2000; Mulder et al., 2011).
Moreover, data reveal a heightened incidence of ADD/ADHD (Cherkes-Julkowski, 1998;
Getahun et al., 2013; Lindstrom et al., 2011), as well as academic difficulties and lower IQ
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scores at school age for neonatal HI populations (Aarnoudse-Moens et al., 2009; Badawi et al.,
2001; Isaacs et al., 2004; Luu et al., 2011).
Though often ignored, clinical literature periodically points to a discrepancy in cognitive
and behavioral outcomes for neonatal at-risk males and females, including a higher incidence of
impairment and neurodevelopmental disorders among males (Donders and Hoffman, 2002;
Gualtieri & Hicks 1985; Hindmarsh et al., 2000; Kent et al., 2012; Kesler et al., 2008;
Lauterbach et al., 2001; Peacock et al., 2012; Rutter et al., 2003; Wood et al., 2005). In addition,
males show a higher incidence of prematurity, anoxia, intraventricular hemorrhage and mortality
from prematurity as compared to females (Kent et al., 2012). The current study confirmed a sex
difference in outcome data for at-risk neonates, using a meta-analysis of reported IQ outcome
data from published follow-up studies of premature males and females. Although studies used
varying inclusion data and age at follow-up, males and females were always matched, and
follow-up IQ scores were (per test standardization) age-adjusted. These findings support a
cognitive advantage or “protection” from deleterious outcomes in females, at least as indexed by
overall and performance IQ measures.
The current study also sought to confirm whether sex differences in outcome are apparent
in a well-established rodent model of P7 HI injury (see Rice et al., 1981 for review). We
hypothesized that P7 HI male rats would show deficits on behavioral tasks as compared to shams
(based on prior reports). Conversely, we hypothesized that female rats with induced P7 injury
would show relatively unimpaired performance — thereby revealing a female “advantage.”
Based on clinical, as well as preliminary animal literature, we employed a variety of behavioral
tasks that would allow us to explore a range of behavioral deficits associated with HI injury. We
also hypothesized that the pattern of neural injury would be more severe in male HI as compared
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to female HI rats.
In accordance with our hypotheses, the current study revealed behavioral deficits in male
animals following induced HI injury on all behavioral paradigms. Specifically, male HI injured
rats showed deficits on RAP tasks at both juvenile and adult ages (as measured by both long and
short FM (Fig. 3.1a)), indicating that HI-associated deficits in RAP are persistent and are seen
regardless of sweep duration in males (see also Alexander et al., 2013a; Hill et al., 2011a, 2011b;
McClure et al., 2005, 2006). In HI females, conversely, we found deficits only at short FM
durations — again consistent with preliminary prior evidence of a female advantage in auditory
processing outcomes using this model (Hill et al., 2011b). Additionally, we reported a significant
deficit for P7 HI males on both spatial and non-spatial memory tasks, with no HI effect seen in
females, again indicating a preferential female “protection” in this domain. However, we did not
show a female protective effect in visual attention. That is, both male and female HI animals
displayed deficits in visual attention, and these deficits were comparable across sexes. The
reported pattern of rodent behavioral results appears to parallel some aspects of task-specific
female protection as found in our literature meta-analysis (though limits to comparison of animal
tasks and human IQ measures clearly exist), and these parallels are discussed further below.
Sex differences in language outcomes (human) and RAP (rodents)
Although our meta-analysis was constrained to outcome measures most commonly used
(leading us to choose IQ), we were able to look at outcomes for verbal and performance IQ
separately for males and females. It is interesting that although means were in the expected
direction, premature females did not show a significant advantage over males for verbal IQ
outcomes. Though verbal IQ is not strictly confined to language skills (i.e., it also encompasses
other aspects of cognitive ability), it has been suggested that low verbal IQ scores (a
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characteristic of behavioral impairments following premature birth) do coincide with later
language impairments (Jansson-Verkasalo et al., 2004a, 2004b; Peterson et al., 2002; Steinman
et al., 2009). In the context of the current study, verbal IQ scores are thought to reflect (at least in
part) an index of language processing (a sub-set of the factors relating to verbal IQ), thereby
providing an interpretive parallel between verbal IQ deficits (in humans) and RAP deficits (as
seen in our rodent model). In particular, these findings may relate to our behavioral rodent
outcome measure using long and short duration FM sweeps, with P7 HI females showing deficits
on an FM sweep task as compared to female shams (Fig. 3.1b), though only for short duration
sweeps. This result may suggest that females experience RAP deficits (and associated language
disruptions in humans) following HI, and yet these deficits may not be as pervasive as in males
(see also Hill et al., 2011a, 2011b). This assertion of “partial” female protection in the language
domain is consistent with some evidence of worse language outcomes in males following HI
insult (Raz et al., 1995), as well as the fact that verbal IQ means in our meta-analysis were in the
expected direction although they did not reach significance.
Sex differences in performance IQ (humans) and learning/memory outcomes (rodents)
With regard to performance IQ outcomes and full scale IQ, our meta- analysis did reveal
a robust (significant) female advantage. As outlined in the Wechsler Adult Intelligence (WAIS)
Scale, performance IQ is used to assess planning, logical thinking, spatial analysis and fine
motor coordination (as it requires subjects to do something in response to a task; Carey 2013;
Sattler and Ryan, 1992; Wechsler, 1981). Based on this description, relating this measure to the
maze data seems relevant, as animals are required to plan an action to complete a spatial task.
Specifically, and much like the pattern seen in our meta-analysis, a significant female advantage
was seen on MWM and non-spatial maze tasks following HI injury. Results from both tasks
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(which require both learning and memory) indicate that HI males had significant behavioral
deficits in these cognitive/behavioral domains, while HI females appeared to be “protected”
(Figs. 3.2a & b). Unlike the subtle female “advantage” in RAP (with female HI deficits still
evident for short durations), the female advantage appears to be more potent for spatial and nonspatial learning/memory. Indeed, analyses of data from both maze tasks in the current study
showed significant impairments in HI males as compared to male shams but failed to yield
significant deficits in females following HI (Figs. 3.2a & b). Current findings are in accord with
previous animal literature that has continuously shown memory deficits in P7 male rats with HI
injury (Almli 2000; Arteni et al., 2003; Kumral et al., 2004; Wagner et al., 2002), as well as one
study that examined male and female mice with induced microgyria (another model of neonatal
brain injury) and found that on a short-term memory task, male mice had significantly poorer
performance than female mice with comparable injuries (Rial et al., 2009). Though animal
studies of neonatal brain injury that report outcomes of males and females separately are scarce,
clinical literature has also indicated that females typically do not exhibit the severe cognitive or
memory deficits as seen in males, particularly in the memory domain (Cserjesi et al., 2012;
Leversen et al., 2011).
Lack of sex differences in attention outcomes in rodents
While a female advantage following induced neonatal HI injury was evident for RAP and
learning/memory tasks, evidence of female protection was not seen when examining visual
attention. Specifically, we found that on all sub-tests of the 5CSRT task, all HI animals
(regardless of sex) performed significantly worse as compared to sham counterparts (see lack of
Sex × Treatment interaction; Fig. 3.3). Thus, P7 induced HI led to a similar pattern of attentional
deficits in both males and females. This seemingly contradicts results from RAP and maze tasks,
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where male HI animals were generally more impaired than HI females. However, it has been
shown that even though instances of attentional impairments associated with ADHD are more
frequent in preterm males, patterns of deficits also differ among the sexes. Specifically, males
with ADHD typically display greater impulsive symptoms, while females tend to show greater
inattentive symptoms — a feature directly assessed in rodents by the 5CSRT task (Biederman
2002, 2003; Rucklidge 2010; Spencer 2007). This could explain why HI females show
behavioral deficits more similar to HI males in this particular paradigm. To further examine a
putative sex discrepancy in attention deficit profiles, future studies should also address measures
of impulsivity and hyperactivity in male and female HI rodent models.
Sex differences in neuropathology
It was hypothesized that the protective behavioral effect expected in HI females would be
concurrent to a lack (or reduction) of brain damage following induced HI injury. However, the
current study revealed significant reduction in the volume of the right cortex and hippocampus,
and a significant increase in the volume of the right ventricle, for both sexes (replicating
neuropathology previously reported in male P7 HI rats; Alexander et al., 2013a; Bhutta 2001;
Hill et al., 2011a, 2011b; McClure et al., 2006; Towfighi 1991). Thus, neuropathology indices
did not show sex differences (Figs. 3.4a, b, & c). Consistent with these results, studies assessing
anatomical pathology in hypoxic male and female mice showed similar patterns of brain injury in
regard to cortical, hippocampal, and cerebellar volumes and myelination indices (Mayoral et al.,
2009). Interestingly, these authors suggested a possible masking of sex differences due to the
10.5% larger hippocampal volume in sham males as compared to sham females. If in fact males
endure more damage from HI, this might abolish the sex difference seen in control normoxic
control animals (Mayoral et al., 2009). Clinical data also support such an interpretation, with
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evidence that ERPs recorded during a visual task were higher in amplitude in typically
developing males as compared to females, but showed no significant sex difference in preterm
children with brain injuries (Lavoie et al., 1998). While our results seem to be consistent with the
aforementioned studies, the lack of sex differences in neuropathology is still surprising given the
differences in behavioral outcomes observed in male and female HI rats. Possibly sex differences
in plasticity, reorganization, and/or developmental compensation could lead to circuitry changes
not necessarily evident in gross pathology (Busl and Greer 2010; Forgie and Kolb 1998;
Johnston 2009). Thus, future research should investigate reorganizational mechanism(s) in male
and female HI models. In other animal models of neonatal brain injury, it has been proposed that
cognitive deficits may not be entirely related to severity of brain injury, but that deficits are
correlated with some reorganizational mechanism that cannot be assessed via overall volumetric
measures (Rial et al., 2009).
Sex differences in mechanisms of injury
Previous clinical and animal research has attempted to pinpoint the causal factor(s)
underlying the sex differences seen in males and females following an HI insult, particularly the
well-known and extensively studied sex difference in adult stroke and stroke models (Carswell et
al., 2000; Carwile et al., 2009; Lang and McCullough 2008; McCullough and Hurn 2003; Turtzo
and McCullough 2008). Several factors have been suggested to play a role in the more
debilitating effect of HI in adult males as compared to females (see Hill and Fitch 2012 for
review). One theory relates to hormones and the presence of high testosterone levels in the
developing male brain in relation to the female brain (Hines 2008; Knickmeyer and BaronCohen 2006; McCarthy 2008). Specifically, studies have shown that high levels of testosterone
are tied to the masculinization of neural morphology and behavior, and can also exacerbate
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deleterious behavioral outcomes following neonatal brain damage in males relative to females
(Arnold 2003, 2004a, 2004b; Arnold and Burgoyne 2004; Fitch and Denenberg 1998; McCarthy
1994; Sakuma 2009). In humans, a surge in testosterone occurs at gestational weeks 10–20 in
males, and also peaks again at birth (Knickmeyer and Baron-Cohen 2006). This surge in
testosterone has been suggested to enhance neuronal excitotoxicity following an HI injury,
thereby causing more negative effects in males versus females (Nunez and McCarthy 2003).
Previous studies in our lab have also investigated the role of testosterone following HI injury,
and found that when females were given injections of testosterone proprionate before the
induction of HI injury, they performed worse on RAP tasks (Hill et al., 2011a).
The effect of estrogen in the developing female brain has also been suggested to play a
role in preferential outcomes in females (and has been well documented to provide an advantage
in adult stroke outcomes; Carswell et al., 2000; Carwile et al., 2009; Cheng et al., 2009;
McCullough and Hurn 2003; Turtzo and McCullough 2008). However, during the time of
neonatal HI induction (P7), evidence suggests that the female ovaries are largely quiescent,
seemingly in contradiction to assertions of a protective estrogen effect in female neonates (Fitch
and Denenberg 1998; Hines 2008; Knickmeyer and Baron-Cohen 2006; McCarthy 2008).
While the role of hormones in modulating response to HI is one possible mechanism
underlying sex differences, it is unlikely that this is the only mechanism. Indeed, another theory
regarding sex differences in response to neural injury relates to the cell death pathways activated
by HI insult as a function of sex. That is, following HI, apoptosis is initially triggered by cell
deprivation of oxygen and glucose. However, this process may be differentially activated within
each sex, with apoptosis of neurons and glia in the male brain preferentially following a caspaseindependent pathway, and females predominantly activating a caspase-dependent apoptotic
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pathway (Arnold 2004a, 2004b; Renolleau et al., 2008). This assertion is supported by evidence
that poly (ADP-ribose) polymerase 1 (Parp-1) — exclusively present in the caspase-independent
pathway — is highly activated in male but not female mice with early HI injury, coupled with
evidence that significant protection from this injury was shown in Parp-1 knockout male mice
but not females (Hagberg et al., 2004; Yuan 2009; Zhu et al., 2006). Additionally, inhibition of
caspase cleavage in the caspase-dependent pathway (which includes the x-linked inhibitor of
apoptosis protein (XIAP) following ischemic injury) has been shown to be neuroprotective only
in female rats (Nijboer et al., 2007; Renolleau et al., 2007, 2008).
It is also possible sex differences could be associated with x-linked mechanisms. In
particular, in vitro studies have shown that XY cells were more sensitive to the toxic events of
glutamate than were XX cells (Du et al., 2004). This finding, combined with differences in the
complement of genes (most notably the presence of the Sry gene on the Y chromosome) has
offered a platform for in vitro research on sex differences related to brain injury (Arnold 2004a,
2004b; Arnold and Burgoyne 2004; Chen et al., 2009). Based on this data, studies in our lab
examined the sex specific activation of apoptotic pathways in a P7 HI model by inhibiting the Xlinked inhibitor of apoptosis (XIAP) using embelin treatment. Results from this study revealed
that when XIAP is inhibited in HI female rats, the “protection” typically seen is eliminated,
leading to an increase in behavioral deficits as compared to untreated HI females (Hill et al.,
2011b). Therefore, differences in apoptotic pathway activation, coupled with gene-linked effects,
could provide another explanation to sex differences found in the current study.
Based on these sex-specific developmental and genetic differences, it is of utmost
importance to consider whether the sexes might be differentially affected by an early HI injury.
Though occasional research has suggested such a sex difference, very few studies are proactively
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designed to consider it (either using rodent HI models or human clinical studies of HI
populations). We hope that the results of the current study — emphasizing “female protection” in
both infant HI populations and an animal HI model — will prompt a more careful consideration
of sex in future neurodevelopmental injury research.
Conclusions
In closing, our meta-analysis of IQ follow-up outcome measures from infant populations
at risk for HI shows significant female protection on full-scale and performance IQ. In addition,
the current study replicates previous findings from studies of male P7 HI injured rodents (i.e.,
auditory processing and memory deficits, plus a new finding of visual attention impairments),
but showed that P7 HI females had a subtle advantage on auditory tasks (with deficits seen only
at short stimulus durations), and a strong protective effect on spatial and non-spatial
learning/memory tasks relative to HI males. Interestingly, significant deficits were seen in both
male and female HI animals on the visual attention task. These results, coupled with the lack of
sex specific differences in HI-induced brain damage, suggest that neural systems underlying
specific behavioral processes are differentially affected by HI injury in both sexes but that this
effect does not reflect a simple reduction in neuropathology in females. Future studies of HI
effects on specific brain regions and circuits known to be involved in the various behaviors
assessed in the current study (e.g., MGN, hippocampus, basal ganglia, fronto-striatal thalamic
circuitry) could provide further insight to sex differences in behavioral outcomes, possibly by
revealing some evidence of sex differences in plasticity or re-organization of pathways. Finally,
the current findings could aid in developing enhanced neuroprotection following neonatal HI,
particularly for at-risk males.
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Table 3.1
Male and female IQ scores across studies
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Figure 3.1 (a). A 2 (Duration) x 2 (Age) repeated measures ANOVA revealed an overall
Treatment effect (*p<.05), indicating HI males performed significantly worse than sham males in
the form of higher attenuation (ATT) scores. ATT scores were calculated by dividing each
animal's cued trial score by their uncued trial score, and multiplying this score by 100 to get a
percentage (cued trials / uncued trials ∗ 100). An additional ANOVA to assess Treatment effects
at each Duration revealed a significant effect of Treatment at long Durations (p < .05) and a trend
for significance at short Durations (#p = .07). (b). A 2 (Duration) × 2 (Age) repeated measures
ANOVA revealed a significant Duration × Treatment interaction (p < .05), indicating different
performance by females on long and short Durations. An additional ANOVA to assess Treatment
effects at each Duration revealed a significant effect of Treatment at only short Durations (*p <
.02).
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Figure 3.2 (a). For males, an independent samples t-test revealed a significant Treatment effect
(*p < .005). However, for females, an independent samples t-test did not reveal a significant
effect of Treatment (p > .05). (b). For males, an independent samples t-test revealed a significant
effect of Treatment (*p < .005). However, for females, an independent samples t-test did not
reveal a significant effect of Treatment (p > .05).
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Figure 3.3 A 6 (Task) × 2 (Sex) × 2 (Treatment) repeated measures ANOVA revealed an overall
effect of Task (p < .05), as well as a significant Sex (p < .005) and Treatment effect (p < .05).
This finding was apparent overall on all initial visual attention tasks of increasing difficulty (i.e.
60 second stimulus duration (light on for 60 s), 30 second stimulus duration, 10 second stimulus
duration, 5 second stimulus duration and half second stimulus duration where the inter-trial
interval was always 5 s) and on the variable inter-trial interval (VITI) task where the location of
the light and the inter-trial interval varied. On both tasks, animals received a 5 second window in
which to make a nose poke.
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Figure 3.4 (a). A 4 (Treatment) × 2 (Hemisphere) repeated measures ANOVA revealed
significant Hemisphere (*p < .05) and Treatment effects (*p < .05) where the right cortex was
signifi- cantly smaller than the left in HI animals. There was also a significant Hemisphere ×
Treatment interaction (*p < .05). For both sexes, individual independent samples t-tests revealed
a significant effect of Treatment for males (*p < .005) as well as for females (*p < .005). b: A 4
(Treatment) × 2 (Hemisphere) repeated measures ANOVA revealed significant Hemisphere (*p
< .05) and Treatment effects (*p < .05) where right ventricular volume was significantly larger
than the left in HI animals, indicating ventriculomegaly in injured subjects. Further in- dependent
samples t-tests were performed for each Sex and these analyses yielded significant Treatment
effects in both males (*p < .005) and females (*p < .005). c: A 4 (Treatment) × 2 (Hemisphere)
repeated measures ANOVA revealed significant Hemisphere (*p < .05) and Treatment effects
(*p < .05) indicating right hippocampal volume was significantly smaller than the left in HI
animals. There was also a significant Hemisphere × Treatment interaction (*p < .05).
Independent samples t-tests were used to assess Treatment effects within each Sex within the
right Hemisphere only and these analyses revealed a significant effect of Treatment for HI
injured male (*p < .005) and female animals (*p < .005).
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Abstract
Neonatal hypoxia ischemia (HI; reduced oxygen and/or blood flow to the brain) can
cause various degrees of tissue damage, as well as subsequent cognitive/behavioral deficits such
as motor, learning/memory, and auditory impairments. These outcomes frequently result from
cardiovascular and/or respiratory events observed in premature infants. Data suggests that there
is a sex difference in HI outcome, with males being more adversely affected relative to
comparably injured females. Brain/body temperature may play a role in modulating the severity
of an HI insult, with hypothermia during an insult yielding more favorable anatomical and
behavioral outcomes. The current study utilized a postnatal day (P) 7 rodent model of HI injury
to assess the effect of temperature modulation during injury in each sex. We hypothesized that
female P7 rats would benefit more from lowered body temperatures as compared to male P7 rats.
We assessed all subjects on rota-rod, auditory discrimination, and spatial/non-spatial maze tasks.
Our results revealed a significant benefit of temperature reduction in HI females as measured by
most of the employed behavioral tasks. However, HI males benefitted from temperature
reduction as measured on auditory and non-spatial tasks. Our data suggest that temperature
reduction protects both sexes from the deleterious effects of HI injury, but task and sex specific
patterns of relative efficacy are seen.

Introduction
Children born prematurely (<37 weeks gestation) or at very low birth weight (VLBW;
<1500 grams) are at an increased risk for hypoxic ischemic brain injury (HI), with incidence
rates rising as high as 60% at lower gestational ages/body weights (GA; Vannucci & Hagberg
2004). HI refers to a reduction of blood and/or oxygen in the brain. In the preterm infant, HI
131

events typically relate to the immaturity of the neurovascular system, and associated
intraventricular/periventricular hemorrhage or non-hemorrhagic injuries that can lead to
periventricular leukomalacia (PVL; Huang & Castillo 2008; Barrett et al., 2007). In fact, most HI
injuries among moderately to extremely preterm infants manifest as white matter damage, as
well as some regionally specific volume reductions of gray matter in cortical and subcortical
regions (Barrett et al., 2007; Inder et al., 1999). Though less common, HI can also occur in the
late preterm infant (34–37 weeks gestational age), and damage patterns here are more similar to
watershed and deep nuclei grey matter damage seen in term infants with HI (Huang & Castillo
2008; Barrett et al., 2007; Billiards et al., 2006; Fatemi et al., 2009; De Vries & Cowan 2009).
This shift in patterns of injury reflects early vulnerability of oligodendrocyte progenitors, and
subsequent vulnerability of grey matter (with the maturation of glutamatergic receptors).
In general, infants born prematurely tend to show extremely variable behavioral
outcomes that are difficult to predict. For instance, preterm children might display subsequent
impairments in motor abilities, with the most severe children being diagnosed with cerebral palsy
(CP; Moreira et al., 2014; Kono et al., 2011; Spittle & Orton 2014). Though the diagnosis of CP
has fallen dramatically in recent years, mild and moderate motor impairments in children born
prematurely are seen in about 30%–40% of cases (Hack & Costello 2008; Potharst et al., 2013;
De Kleine et al., 2003; Howe et al., 2011; Zwicker et al., 2013). Motor impairments may affect
children’s ability to explore the environment and gain experiences, contributing to further
cognitive delays and intellectual disabilities (Van Hus et al., 2014; Piek et al., 2008). For
example, infants with or at-risk for HI may show later deficits in rapid auditory processing
(RAP; the ability to discriminate between rapidly changing auditory cues). These processing
impairments may in turn be related to later language difficulties (Fitch et al., 2013; Benasich et
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al., 2006; Choudhury et al., 2007; Downie et al., 2002), including deficits in spelling and reading
skills (Luu et al., 2009; Ortiz-Mantilla et al., 2008; Van Lierde et al., 2009). Language
impairments are often accompanied by cognitive/memory impairments in the form of lower IQ
scores, slow information processing speeds, and poor performance on spatial memory tasks (Van
Hus et al., 2014; Smith et al., 2014a; McGettigan et al., 2011; Gadian et al., 2000; Curtis et al.,
2006).
Interestingly, most studies investigating the cognitive and behavioral outcomes of HI
injury include only male subjects (animal studies), or a pooled combination of male and female
preterm infants. This is surprising, given sporadic but compelling evidence that important
differences in outcomes are seen between male and female preterms. For example, when males
and females were matched for degree of HI damage, males were more adversely impacted, as
evidenced by lower IQ scores (Smith et al., 2014a; Donders & Hoffman 2002; Lauterbach et al.,
2011; Rutter et al., 2003; Raz et al., 2004; Hindmarsh et al., 2000), and other cognitive outcome
indices (Hindmarsh et al., 2000; Kent et al., 2012; Kesler et al., 2008; Peacock et al., 2012).
Furthermore, being “male” has been identified as a universal risk factor for the incidence of
neonatal stroke as well as developmental delays (Peacock et al., 2012; Mansson et al., 2015;
Elsmen et al., 2004). The underlying mechanism responsible for this sex difference in behavioral
outcomes remains unknown, but theories involving hormones (i.e., the possible debilitating
effects of testosterone; McCarthy 2008), sex differences in cell death pathways (Lang &
McCullough 2008; Liu et al., 2009; Manwani & McCullough 2011; McCullough et al., 2005),
and genetics (Du et al., 2004) have been proposed. However, it still remains unclear why sex
differences in response to HI are seen. Yet this information is essential to the possible
development and evaluation of neonatal neuroprotective strategies optimized to each sex.
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Using animal models, we can further investigate the behavioral deficits mentioned above,
and the question of why male and females display different behavioral outcomes following HI
injury. Our lab and others have used the well-established Rice-Vannucci rat model of HI, where
HI injury is experimentally induced on postnatal day (P) 7—roughly equating to injury in the
late-preterm infant (34–36 gestational weeks (GW); Patel et al., 2014; Rice et al., 1981;
Vannucci & Vannucci 1997; Vannucci et al., 1999; Vannucci 2000). Using this model, our lab
has demonstrated behavioral deficits in male P7 HI rats, as assessed by tests of auditory
processing, motor ability, spatial/non-spatial learning, working memory, and visual attention
(Smith et al., 2014a, 2014b, 2015; McClure et al., 2005, 2006, 2007; Hill et al., 2011a, 2011b;
Alexander et al., 2013a, 2013b, 2013c). Our findings and those of others nicely parallel what is
seen in the clinical population, thereby validating the use of the P7 HI model to study the
consequences of neonatal HI. Furthermore, though studies are scarce, the handful of rodent
studies looking at male and females separately consistently show a female advantage over males
following neonatal/perinatal brain injury on various behavioral tasks (Smith et al., 2014a; Hill et
al., 2011a, 2011b; Peiffer et al., 2002, 2004).
In addition to investigating sex differences in behavioral outcomes, the P7 HI rodent
model provides an ideal platform to explore possible therapeutic interventions for an HI injury.
For example, body temperatures at/around the time of HI injury in infants have been found to
play a particularly important role in modulating severity of outcomes (Drury et al., 2010).
Specifically, lower body temperatures (which have been shown to be extremely similar to
reported brain temperature at the time; Laptook et al., 2001) lead to improved outcomes after
neonatal HI insult. In fact, very small reductions in temperature (as little as 1 °C) are associated
with prominent neuroprotection during the neonatal period (Laptook et al., 1995, 2013).
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Clinically, it has been found that temperature reduction during or shortly after an HI insult
provides optimal neuroprotection, because lower temperature during the primary phase of HI
(when there is a profound reduction in oxygen availability and metabolism, leading to depletion
of high-energy metabolites and excessive depolarization of cells) taps a “window of opportunity”
for amelioration (Drury et al., 2010). In turn, this can lead to reduced morbidity and neurological
impairments as children age (Ma et al., 2012; Edwards et al., 2010). Though hypothermia has
primarily been used (and is considered standard practice) in term infants with hypoxic-ischemic
encephalopathy (HIE), including head or whole body cooling, late-preterm infants who are at a
high risk for HI events might also benefit from reduced body temperatures (though the practical
application of hypothermia in the late-preterm infant may differ from term infants). Studies
investigating hypothermia in infants at this age are scarce but do support further testing in preclinical animal models. For example, a preterm fetal sheep model has demonstrated that
hypothermia following induced HI is associated with an overall reduction in hypoxia-induced
loss of immature oligodendrocytes, as well as reduction in energy expenditure (Yenari & Han
2012). Benefits of lower body temperatures have also been substantiated in other animal studies,
showing for example that cooling during an ischemic insult is associated with more favorable
long-term outcomes (Karibe et al., 1994; Meden et al., 1994; Zhu et al., 2006). However,
benefits are bounded by evidence that extremely low body temperatures (approximately 5 °C
lower than normal) also lead to a higher incidence of cell death in a piglet model (Kerenyi et al.,
2012). Finally, and most important to the current study, animal studies have shown that females
benefit more from reduced body temperatures than males following induced HI injury (Fan et al.,
2013; Bona et al., 1998). This sex difference could relate to cooling effects on caspase-3 activity,
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which is highly implicated in the caspase-dependent cell death pathway primarily activated by
females (Fan et al., 2013; Ohmura et al., 2005).
While the above clinical and animal research studies suggest sex differences in
behavioral outcomes following an HI insult—and also allude to the importance of temperature
modulation—the literature directly assessing this complex topic (combined sex and temperature
effects on HI) is scant. Therefore, the current study sought to explore the relationship between
temperature and severity of HI insult in male and female P7 HI rats. We examined the
performance of both sexes on a rota-rod task, rapid auditory processing (RAP) tasks, and maze
tasks indexing spatial and non-spatial learning. Given prior evidence of a female HI advantage
on most of these behavioral tasks, we hypothesized that female P7 HI rats would benefit more
from lower body temperatures during HI insult as compared to P7 HI males. The findings
presented here reinforce the importance of temperature modulation during and immediately after
an HI insult. Our data support evidence on the neuroprotective effect of lower body
temperatures, but also reveal whether lower temperatures have the same benefits for each sex.

Methods
Subjects
Subjects were male (n = 32) and female (n = 32) Wistar rats born to time-mated dams
(Charles River Laboratories, Wilmington, MA, USA) shipped to the University of Connecticut
Bousfield vivarium on embryonic (E) day 5. Dams were housed in individual cages on a 12-h
light/dark cycle and pups were born on approximately E22. On P1, pups were culled to litters of
5 females and 5 males. On P21, pups were weaned and pair-housed with like-treated like-sex
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littermates. Animals were single-housed when they reached adulthood. The UConn Care and Use
Committee approved all procedures.
Induction of Hypoxia Ischemia
On P7, pups were randomly selected for HI or sham procedure, and assigned to the
hypothermic or normothermic group. Groups were as follows: HI normothermic (n = 10 per sex),
HI hypothermic (n = 10 per sex), and shams (n = 6 normothermic and 6 hypothermic per sex,
subsequently pooled to n = 12 per sex). Pups were anesthetized with isoflourane (2.5%) and an
incision was made vertically on the neck. For HI animals, the right common carotid artery was
separated from surrounding tissue, and cauterized to restrict blood flow to the right cerebral
hemisphere. The incision was sutured, and footpad injections were made for identification. Sham
animals received a similar surgical procedure without artery cauterization. Following surgery, all
normothermic pups (HI and sham) were placed in a temperature-controlled incubator with a
warming lamp, while hypothermic pups (HI and sham) were placed in an unheated holding
container with a warming lamp. Specifically, during hypoxia, HI normothermic pups were
placed in an airtight container and subjected to 8% oxygen (balanced with nitrogen) for 120 min.
The container was positioned atop a temperature-controlled slide warmer and with a warming
lamp (to maintain nest temperatures; container air temperature averaged 36.1°C). HI
hypothermic pups were placed in an airtight container (also subjected to 8% oxygen balanced
with nitrogen for 120 min), with only a warming lamp (container air temperature averaged
32.2°C throughout exposure). Sham animals were placed in similar containers, following similar
temperature controls. Body temperatures were recorded before and after hypoxia for all animals
using a VeraTemp non-contact thermometer (Brooklands), which has been shown in our lab to
yield temperatures highly consistent with rectal probe measures across varied environments
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(always relative +1.5 C°) in rat pups. The average nest temperature of all animals (taken prior to
hypoxia) was 36.6 °C. Temperatures following hypoxia were as follows (reported as mean
temperature ± standard error): male HI normothermic: 37.04 °C ± 0.49; male HI hypothermic:
35.76 °C ± 0.47; female HI normothermic: 37.29 °C ± 0.47; female HI hypothermic: 35.65 °C ±
0.47; male sham: 37.55 °C ± 0.43; female sham: 37.38 °C ± 0.43 (Table 4.1). The modest
temperature decrease in our “hypothermic” condition was selected conservatively (i.e., less than
typically used in HIE hypothermic intervention), based on a dearth of information regarding
whether cooling may have deleterious or beneficial effects in late preterm infants with HI events
(and associated models). Following the implementation of this mild hypothermia, pups were
returned to nest temperature before being placed back with the dam.
Behavioral Testing
One female HI normothermic animal was removed from the study due to seizure activity.
Therefore, sixty-three animals were tested on all behavioral paradigms.
Sensorimotor Task: Rota-Rod (P30-P32)
A rota-rod task was used to assess motor coordination and learning in the juvenile period.
Animals were placed on a rotating rod that gradually accelerated from 4 rotations per minute
(rpm) to 44 rpm, over the course of 5 min. Animals were given two trials a day for 3 days, and
latency to fall off the rod was recorded per trial (in seconds). The average latency per day was
used for analysis.
Auditory Discrimination: Startle Reduction Paradigm
The startle reduction paradigm utilizes each animal’s acoustic startle response (ASR)—
large motor response to a startle-eliciting stimulus (SES; 105 dB white noise burst). When the
SES is preceded by a pre-stimulus cue, pre-pulse inhibition (PPI; a reduction in the ASR) is
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observed, with the magnitude of attenuation indicating the degree of an animal’s detection of the
cue (see Fitch et al., 2008 for review). This provides a measure of cue detectability, based on a
comparison of ASRs following the pre-pulse cue (i.e., cued vs. uncued trials). Where multiple
cues were used in a session, mean values for each cue were compared to the mean uncued
response. From these comparisons, attenuation (ATT) scores were calculated by dividing each
animal’s cued trial score by their uncued trial score, and multiplying that score by 100 to get a
percentage (cued trials/uncued trials * 100).
Auditory Discrimination: Behavioral Testing Apparatus
Animals were placed on a Med Associated PHM-252B load cell platform in a black
polypropylene cage. Output voltages from each platform were sent from a PHM-250-60 linear
load cell amplifier to a Biopac MP100A-CE Acquisition system connected to a Power Macintosh
G3. This system recorded the amplitude of each subject’s ASR in millivolts (mV) 150 ms from
the onset of the SES (acquired as a waveform, using the program Acqknowledge). Each subject’s
peak value served as the subject’s response amplitude for a given trial (in mV). Auditory stimuli
were generated on a Pentium III Dell PC with custom programmed software and a Tucker Davis
Technologies (RP2) real time processor, and amplified by a Niles SI-1260 Systems Integration
Amplifier. Sound files were delivered through 10 Cambridge Soundworks MC100 loudspeakers
placed 53 centimeters (cm) above the platforms.
Auditory Discrimination: Normal Single Tone (NST; P32)
This task consisted of 103 cued or uncued trials presented in random order. Animals were
tested for one session. Uncued trials consisted of a silent background followed by the SES, while
cued trials included presentation of a 75-dB, 7-ms, 2300-Hz tone 50-ms prior to the SES. On
cued trials, the cue-to-burst intervals varied (25, 50, 75, and 100 ms). ATT scores acted as a
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measure of cue detectability, with scores closer to 100% indicating poorer performance. This
task provided a baseline measure to reveal any hearing or PPI deficits that could affect further
testing.
Auditory Discrimination: Silent Gap (SG) Procedure (0-100; P33-P37)
The silent gap detection task consisted of 299 trials per session, with one testing session a
day for 5 consecutive days, in the juvenile period. On cued trials, a silent gap (ranging from 2 to
100 ms, embedded in the 75 dB broadband white noise) acted as the cue (50 ms prior to the
SES). On uncued trials, the SES was presented randomly within the 75 dB broadband white
noise (variable inter-trial interval (ITI)).
Learning/Memory Assessments: Water Maze and Water Escape
Water maze tasks utilized a Sony Handcam DCR-TRV280 camera mounted above a 48in. diameter tub filled with room-temperature water (~22 °C). The camera was used to record
each subject’s path in the tub. A Smart Video Tracking System Version 2.5 connected to a Dell
Dimension E521 computer translated each path, and recorded latency to find a submerged 8-in.
diameter platform (2 cm below the surface).
Initially, animals were tested on a water escape task. This task provides an index of basic
swimming ability, and acclimation to further water maze testing. Animals were placed in an oval
tub (40.5 in × 21.5 in) filled with water, on the side opposite to a visible platform located at one
end. Animals were required to swim to the visible platform. If an animal did not reach the
platform after 45 s, it was guided there by an experimenter (10 s). All animals were able to
complete this task regardless of experimental condition.
Learning/Memory Assessments: Morris Water Maze (MWM; P73-P76)
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In this task, animals are required to use spatial cues to locate a submerged platform that
remains in a fixed location. To locate the platform, animals use extra-maze cues such as large
black shapes painted on the surrounding walls and doorframe. No intra-maze cues are provided
for this task. To begin, animals were placed in the maze at one of the four starting locations (N,
S, E, or W quadrant of the pool). Animals were required to swim until finding the hidden
submerged platform, which was always located in the southeast quadrant of the pool. On a given
day, the start location varied randomly between trials, and the same start location was never used
on a testing day. Each animal had 45 s to find the platform. If 45 s elapsed before the animal
found the platform, the experimenter guided the rat to the platform and allowed the animal to sit
and survey the room for 10 s. Each animal received 4 trials a day for 4 consecutive days, with the
order of the starting quadrants changing each day.
Learning/Memory Assessments: Non-spatial Water Maze (P80-P83)
For this task, the testing apparatus is the same as the previously outlined MWM task (i.e.,
a uniform circular black tub). However, here animals are required to use intra-maze cues to
locate a submerged goal platform that is located in various quadrants of the pool. Intra-maze cues
consisted of black and white vertical lines, horizontal lines, diagonal lines sloping down to the
left, and diagonal lines sloping down to the right. These cues were placed in the four quadrants
of the pool, and were changed at the beginning of each test trial. For each trial, the escape
platform was located in a different quadrant of the pool (NW, NE, SW, SE), but was always
associated with the vertical black and white lines cue (throughout testing). The starting location
of the animal remained constant. For each trial, animals were given 45 s to locate and mount the
platform before they were guided to the location and allowed to sit and survey the room for 10 s.
Each animal received 4 trials a day for 4 consecutive testing days.
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Statistical Analyses
All statistical analyses were performed using SPSS 15.0 software, alpha criterion 0.05
(IBM, Armonk, NY, USA). Two tailed analyses were used unless otherwise stated. Initial data
analyses confirmed comparability of hypo- and normothermic sham data, which were therefore
pooled into male and female sham groups (3 Treatments × 2 Sexes = 6 groups). For temperature
analyses, an overall repeated measures analysis of variance (ANOVA) was performed for the 6
Treatment groups, as well as additional one-way ANOVAs to compare temperatures after
hypoxia. Additional repeated measures ANOVAs were used to assess performance on behavioral
tasks, with variables including Sex, Treatment (3 levels; sham, HI hypothermic, HI
normothermic), Latency (for the rota-rod and maze tasks), Day, and Gap (for SG 0–100).
Repeated measures ANOVAs were also performed for each task for males and females
separately, followed by Tukey post-hoc tests. All behavioral graphs are presented with mean and
standard error.

Results
Temperature Analysis
A 2 (Time) × 2 (Sex) × 3 (Treatment) repeated measures ANOVA revealed an overall
Treatment effect (F(2, 57) = 15.561, p < 0.001), and a Time × Treatment interaction (F(2, 57) =
10.233, p < 0.001), reflecting a consistency in temperatures across groups before hypoxia, but a
divergence after hypoxia (hypothermic lower; see Table 4.1). Further, overall Tukey post hoc
tests revealed significant differences between male HI hypothermic animals and male shams (p <
0.001), and between female HI hypothermic animals and female shams (p < 0.005), indicating
that we successfully lowered the body temperatures of hypothermic animals. Similar differences
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were seen for normothermic versus hypothermic HI animals after hypoxia, again indicating
lower body temperatures in hypothermic HI animals overall. Additionally, a uni-variate ANOVA
to assess the temperature of all hypothermic and normothermic animals post-hypoxia revealed a
significant Temperature effect (F(1, 61) = 22.813, p < 0.001), indicating that regardless of Sex
and Treatment, hypothermic animals displayed significantly lower body temperatures. Mean
temperatures of all normothermic groups (HI, and pooled sham males and females) remained in
the range of optimal nest temperature at all times (36 °C–38 °C; Renolleau et al., 2007).
Rota-Rod (P30-P32)
A 3 (Day) × 2 (Sex) × 3 (Treatment) repeated measures ANOVA revealed an overall
Treatment effect (F(2, 56) = 5.067, p < 0.05), indicating differences in performance between all
Treatment groups. Based on a priori hypotheses, we performed 3 (Day) × 3 (Treatment) repeated
measures ANOVAs within each sex separately. For females, this analysis revealed a significant
overall Treatment effect (F(2, 28) = 4.484, p < 0.05), with a Tukey post hoc test revealing
significant differences between female HI normothermic animals and hypothermic animals (p <
0.05; better performance in female hypothermic HI animals, confirming the protective effect of
hypothermia; see Figure 4.1a). For males, a similar repeated measures ANOVA and Tukey post
hoc test did not reveal any significant effects, indicating hypothermia did not benefit HI males on
rota-rod performance (see Figure 4.1b).
NST (P32)
A 2 (Sex) × 3 (Treatment) uni-variate ANOVA did not reveal any significant differences
in performance by Treatment group (F(2, 56) = 1.334, p > 0.05), or Sex (F(1, 56) = 0.104, p >
0.05), indicating all animals could hear, and display pre-pulse inhibition, as required for
subsequent auditory testing.

143

SG 0-100 (P33-P37)
An overall 5 (Day) × 9 (Gap) × 2 (Sex) × 3 (Treatment) repeated measures ANOVA
revealed an effect of Treatment, indicating different performance between groups (F(2, 56) =
10.522, p < 0.001). Based on a priori hypotheses, we performed additional 5 (Day) × 9 (Gap) × 3
(Treatment) repeated measures ANOVAs for each sex separately, to assess whether hypothermia
had a similar effect in each sex. For females, this analysis revealed a significant Treatment effect
(F(2, 28) = 4.740, p < 0.05), and a Tukey post hoc test revealed significant differences between
female HI normothermic animals and female shams (p < 0.05; shams better), as well as
differences between female HI hypothermic animals and shams (indicating both HI groups,
regardless of temperature, performed significantly worse than shams on a silent gap detection
task; see Figure 4.2a). For males, a 5 (Day) × 9 (Gap) × 3 (Treatment) repeated measures
ANOVA revealed an overall effect of Treatment (F(2, 28) = 4.241, p < 0.05), and a Tukey post
hoc test only revealed a significant difference between male HI normothermic animals and male
shams. This result indicates that HI normothermic animals performed worse than shams, while
HI hypothermic animals performed comparably to shams (confirming the beneficial effect of
lower body temperatures on behavior (p < 0.05; see Figure 4.2b)).
MWM (P73-P76)
An overall ANOVA revealed a significant Treatment effect (F(2, 56) = 15.356, p <
0.001), as well as Treatment x Sex interaction (F(2, 56) = 6.613, p < 0.05), indicating different
performances by Treatment groups, modulated by Sex. Individual one-way ANOVAs for each
Sex were also performed, revealing a significant Treatment effect for both females (F(2, 28) =
4.548, p < 0.05), and males (F(2, 28) = 8.727, p < 0.05) (see Figure 4.3a,b). These results
indicate that HI animals of both sexes performed worse than their sham counterparts. Further
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Tukey post hoc tests for females revealed a significant difference between female HI
normothermic animals and female shams (p < 0.05; shams better). A Tukey post hoc test for
males confirmed a significant difference between male HI normothermic animals and male
shams (p < 0.05; shams better), and also between male HI hypothermic animals and male shams
(p < 0.005; shams better).
Non-spatial Maze (P80-P83)
An overall ANOVA revealed a nearly significant Treatment effect (F(5, 54) = 1.927, p =
0.1). Based on a priori hypotheses, we performed separate one-way ANOVAs for males and
females (see Figure 4.4 a,b) to assess Treatment effects in both sexes separately. For females, we
found a nearly significant Treatment effect (F(2, 28) = 2.724, p = 0.08), and individual t-tests
between each group revealed a significant difference between female HI normothermic animals
and female shams (t(19) = 2.109, p < 0.05; shams better). For males, a one-way ANOVA did not
reveal any significant differences, but individual t-tests between groups (based on a priori
hypotheses) revealed a significant difference between male HI normothermic animals and male
shams (t(19) = 2.033, p = 0.05; shams better).

Discussion
The current study sought to examine the effect of lower body temperatures during
hypoxia/ischemia in male and female P7 HI injured rats, and particularly to determine whether
both sexes responded similarly. We have previously used the P7 HI model to reveal behavioral
deficits in both sexes, and have found that females appear to exhibit some innate protection from
the deleterious behavioral effect of induced hypoxia ischemia (Smith et al., 2014a). Here, we
investigate whether an active neuroprotective intervention interacts with sex, and particularly
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whether females benefit more from lower body temperatures than males (as measured by
behavioral outcomes). Results from the current study did show an overall benefit from
hypothermia in both HI hypothermic groups (both male and female), as has also been shown in
other studies explicitly investigating the effects of active cooling on HI outcomes (Fan et al.,
2013; Laptook et al., 1994; Fang et al., 2013; Lee et al., 2010). We attribute behavioral
differences in our HI groups to differences in body temperature, with evidence of protection in
both sexes from lower body temperatures. However, females seemed to benefit more from lower
temperature than males, with some task-specific differences observed.
Initially, we found that HI females benefitted more from lower body temperatures as
compared to HI males on a rota-rod task assessing motor ability and motor learning. This finding
supported our initial hypothesis. That is, female HI hypothermic animals performed significantly
better than female HI normothermic, while male HI animals displayed poor performance
regardless of temperature (see Figure 4.1). It is important to note that these results were seen
with testing over multiple days on the rota-rod task, and Treatment differences would not have
been apparent (especially in females; see Figure 4.1a) if only one day of testing was
administered. By using multiple testing days, data reveal that female HI hypothermic animals
actually had the highest rate of motor learning (see Figure 4.1a)—likely reflecting protection
from a lower body temperature during injury. Our findings are also consistent with general
sensorimotor evidence from P7 HI males, where deficits are seen on these tasks (e.g., rota-rod;
Alexander et al., 2013b; Lubics et al., 2005). It is possible that HI deficits on the rota-rod might
be too severe in P7 HI males to be ameliorated, while more subtle female HI deficits could be
attenuated. Though there are very few studies looking at the effects of temperature modulation in
each sex following experimentally induced HI, our findings are consistent with the few studies
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on this topic (and these primarily used sensorimotor measures). For example, in an animal study
by Fan et al., 2013, experimenters looked explicitly at active cooling (three hours post-insult),
and found that females benefitted more from lower temperatures than males as measured by a
sensorimotor task. Another study also showed that females demonstrated better long-term
sensorimotor outcomes (assessed in adulthood) as compared to males following an HI injury
when treated with hypothermia (Bona et al., 1998).
In contrast to these findings, on the silent gap task, males seemed to benefit more from
hypothermia than females (see Figure 4.2b). This result was surprising, given evidence from a
previous study revealing a slight innate HI female advantage on an FM sweep task (another task
that assesses RAP ability; Smith et al., 2014a). We do know that P7 HI males can be protected
from rapid auditory processing deficits associated with an HI insult using other forms of
neuroprotection (e.g., erythropoietin; McClure et al., 2006; Alexander et al., 2013a). Though the
protective effects of erythropoietin were not investigated in P7 HI females, the results of
McClure et al., 2006 and Alexander et al., 2013a, coupled with the auditory results in the current
study, might suggest that auditory deficits in males have more potential for amelioration than in
females.
Finally, our maze tasks yielded contradictory results, with HI females showing a
significant benefit of lower body temperature on a MWM task, but HI animals of both sexes
benefitting equally from lower temperature on the non-spatial maze task (see Figures 4.3 and
4.4). The protective effect seen in females on the MWM task parallels findings from another
study conducted in our lab, wherein females were found to show an innate significant advantage
in learning/memory outcomes following P7 HI (Smith et al., 2014a). Specifically, because we
recently modified our HI procedure to employ more consistent nest temperatures throughout
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hypoxia (as shown here with “normothermic” HI effects), our prior evidence of a female HI
advantage in outcomes probably reflects at least some protection in HI females from unintended
cooling (Smith et al., 2014a). In other animal studies looking at rehabilitation training as a
neuroprotectant, females were also found to display beneficial results on a spatial maze task,
though males did not seem to be affected by any rehabilitation training (Tsuji et al., 2010).
However, the uniform benefit from hypothermia on the non-spatial maze for both sexes is a
novel finding. For HI males, deficits on learning/memory tasks are not surprising, since they
have been shown in previous studies (McClure et al., 2007; Alexander et al., 2012; Huang et al.,
2009; Almli 2000; Arteni et al., 2003; Kumral et al., 2004; Wagner et al., 2002). Our results offer
new evidence that these deficits can be ameliorated in both sexes with temperature modulation.
The few animal studies examining the beneficial effect of hypothermia have shown amelioration
of learning deficits in either pooled groups (male and female HI rats) or using only male HI
animals (see Corbett & Thornhill 2000 for review; Green et al., 1992).
Overall, cooling during ischemia has also been shown to substantially decrease infarct
volume and (when employed at optimal temperature), can lead to total protection in the brain
(Karibe et al., 1994; Meden et al., 1994; Zhu et al., 2006; Barone et al., 1997). Our current
findings using a P7 HI model with temperature modulation during an HI insult, are consistent
with this evidence. Here we find beneficial effects of lower temperatures on certain behavioral
tasks. Specifically, hypothermia clearly benefitted HI females on a rota-rod task (HI hypothermic
better than HI normothermic), and also on MWM and NSM. Here, normothermic HI females
were significantly worse than shams, but HI hypothermic females were not. No benefit was seen
for HI hypothermic females on the SG 0–100 task (significantly worse than shams). For males,
some benefit was seen on SG 0–100, since HI normothermic (but not HI hypothermic) were
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significantly worse than sham males. A similar benefit was seen for males on NSM, but no
benefit was seen for MWM (HI hypothermic males were significantly worse than sham males on
this task). Clearly, male and female P7 HI animals responded differently to temperature
modulation, with females benefitting slightly more (overall) than males (3 out of 4 tasks versus 2
out of 4 tasks showing protection). However, it is unclear what underlying mechanisms underlie
this sex-specific interaction between HI injury, sex, and temperature. We intend to complete a
follow-up study investigating histological measures that might be associated with the sex and
task-specific beneficial outcomes seen in the current dataset. We will be investigating volumes of
the cortex, hippocampus, lateral ventricles, internal capsule, and corpus callosum to determine if
specific brain areas are vulnerable to the protective effect of hypothermia. In fact, in related
rodent studies, it has been suggested that lower temperatures suppress caspase-3 activity in the
cell death cascade (Fan et al., 2013), which might be related to increased damage in certain brain
areas. This is particularly interesting, since evidence shows that females preferentially activate
the caspase-dependent cell death pathway, in which caspase-3 is highly implicated (Ohmura et
al., 2005)—possibly explaining the slight behavioral advantage we see in females in response to
lower temperatures. Other animal studies investigating sex differences in the effects of
hypothermia-inducing drugs (i.e., cholinesterase inhibitors such as rivastigmine) indicate that
testosterone might suppress their temperature lowering effects (Wang et a., 2001). This could
relate to the current results, since P7 male animals have more circulating testosterone than P7
females (Knickmeyer & Baron-Cohen 2006), and thus testosterone could be blocking some of
the protective benefits of hypothermia in male animals.

Conclusions
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It is clear from the results of the current study that temperature modulation during and
immediately after an HI insult is important for beneficial results. In animal studies, it is crucial to
regulate temperature during experimentally induced HI in order to yield valid outcome data. To
our knowledge, this is one of the few known studies examining the beneficial effect of lower
temperatures during an HI insult in P7 HI male and female rats and the current study yields
important and exciting results. Specifically, the beneficial effect of cooling in male and female
HI animals seems to be “task specific,” which suggests that lower temperatures might affect
specific brain mechanisms differently. For example, the brain areas responsible for auditory
processing, learning/memory, and motor ability may display differential vulnerability to the
neuroprotective effect of lower body temperatures in males and females. This could account for
differences seen for each sex on each behavioral task. Future research on sex differences, HI, and
cooling should also investigate anatomical measures associated with the aforementioned
behavioral processes (e.g., MGN, hippocampus, and basal ganglia) to possibly pinpoint areas
that benefit the most from lower body temperatures. Additionally, white matter areas such as the
corpus callosum and internal capsule should also be examined, since cooling is known to have a
specific effect on white matter (Massaro et al., 2015; Xiong et al., 2013). Finally, further cellular
measures should also be employed to examine whether cellular connectivity is affected by
cooling in either male or female HI injured animals. In fact, this might be a more likely
explanation, since we have shown that male and female HI injured rats display different
behavioral outcomes despite similar degrees of brain damage—implying that cellular-level
plasticity is likely to underlie behavioral protection (Smith et al., 2014a). Overall, the current
findings are consistent with the well-established benefits of hypothermia as a neuroprotectant in
the clinical HI population. In addition, our results highlight the importance of employing both
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males and females in pre-clinical and clinical research. Finally, our results suggest a possible
need to investigate sex-specific neuroprotection, so that male and female neonates can receive
optimized interventions to reduce brain damage and behavioral deficits stemming from an HI
insult.
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Table 4.1 Temperatures were taken before and after hypoxia to ensure that the average
temperature of hypothermic animals was significantly lower than the temperature of
normothermic animals. A 2 (Time) × 2 (Sex) × 3 (Treatment) repeated measures ANOVA
revealed an overall Treatment effect (p < 0.001) and Time × Treatment interaction (p < 0.001).
Tukey post hoc tests revealed significant differences after hypoxia between male HI hypothermic
animals and male shams (p < 0.001) and between female HI hypothermic animals and female
shams (p < 0.05), indicating that both male and female hypothermic groups had significantly
lower temperatures than their sham counterparts. A uni-variate ANOVA assessing temperatures
of all animals (HI and sham) post-hypoxia revealed a significant Temperature effect (p < 0.001),
further confirming lower body temperatures in all hypothermic animals (regardless of Treatment
and Sex).
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Figure 4.1 (a). A 3 (Day) × 3 (Treatment) repeated measures ANOVA revealed significantly
different performances between female Treatment groups (p < 0.05). Further Tukey post hoc
analyses revealed significantly better performance by female hypothermic animals compared to
female HI normothermic animals (p < 0.05); (b). A 3 (Day) × 3 (Treatment) repeated measures
ANOVA did not reveal any significant difference in performances for male Treatment groups,
nor did further Tukey post hoc analyses.
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Figure 4.2 (a). A 5 (Day) × 9 (Gap) × 3 (Treatment) repeated measures ANOVA revealed
significant overall differences between Treatment groups (p < 0.05). Further Tukey post hoc
analyses revealed both HI normothermic animals and HI hypothermic animals performed
significantly worse than shams (p < 0.05, p = 0.05, respectively); (b). A 5 (Day) × 9 (Gap) × 3
(Treatment) repeated measures ANOVA revealed significant overall differences between
Treatment groups (p < 0.05). Further Tukey post hoc analyses revealed similar performances
between HI hypothermic animals and shams (p > 0.05), but HI normothermic animals performed
significantly worse than shams (p < 0.05).
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Figure 4.3 (a). A one-way ANOVA to assess Treatment effects revealed significant differences
between Treatment groups (p < 0.05). Further Tukey post hoc analyses revealed that HI
normothermic animals performed significantly worse than shams (* p < 0.05), but HI
hypothermic animals performed similarly to shams; (b). A one-way ANOVA to assess
Treatment effects revealed significant differences between Treatment groups (p < 0.05). Further
Tukey post hoc analyses revealed that both HI normothermic animals and HI hypothermic
animals performed significantly worse than shams (* p < 0.05, * p < 0.005, respectively).
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Figure 4.4 (a). A one-way ANOVA to assess Treatment effects did not reveal any overall
significant differences in the performance of each group. However, individual t-tests revealed
that HI normothermic animals performed significantly worse than shams (* p < 0.05) while HI
hypothermic animals performed similar to shams (confirming the beneficial effect of
hypothermia in ameliorating behavioral deficits); (b). A one-way ANOVA to assess Treatment
effects did not reveal any overall significant differences in the performance of each group.
However, individual t-tests revealed that HI normothermic animals performed worse than shams
(* p < 0.05), while HI hypothermic animals performed similarly to shams (confirming the
beneficial effect of hypothermia in ameliorating behavioral deficits).
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Abstract
Hypoxia ischemia (HI) is a recognized risk factor among late-preterm infants, with HI
events leading to varied neuropathology and cognitive/behavioral deficits. Studies suggest a sex
difference in the incidence of HI and in the severity of subsequent behavioral deficits (with better
outcomes in females). Mechanisms of a female advantage remain unknown but could involve
sex-specific patterns of compensation to injury. Neuroprotective hypothermia is also used to
ameliorate HI damage and attenuate behavioral deficits. Though currently prescribed only for HI
in term infants, cooling has potential intra-insult applications to high-risk late-preterm infants as
well. To address this important clinical issue, we conducted a study using male and female rats
with a postnatal (P) day 7 HI injury induced under normothermic and hypothermic conditions.
The current study reports patterns of neuropathology evident in postmortem tissue. Results
showed a potent benefit of intra-insult hypothermia that was comparable for both sexes. Findings
also show surprisingly different patterns of compensation in the contralateral hemisphere, with
increases in hippocampal thickness in HI females contrasting reduced thickness in HI males.
Findings provide a framework for future research to compare and contrast mechanisms of
neuroprotection and post-injury plasticity in both sexes following a late-preterm HI insult.

Introduction
A common brain insult associated with preterm birth (<37 weeks gestational age (GA);
Volpe 2001, 2009), very low birth weight (VLBW; <1500 grams), and term birth complications
(e.g., cord prolapse, cord asphyxia; Barrett et al., 2007; Fatemi et al., 2009), involves a drop in
blood and/or oxygen flow to the brain (hypoxia-ischemia; HI). In preterm infants, the
vulnerability of the developing brain plays a pivotal role in the etiology of HI, with fragility of
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the neurovascular system leading to increased risk of hemorrhagic and non-hemorrhagic
(ischemic) brain injuries (Volpe 2001; Barrett et al., 2007; du Plessis & Volpe 2002; Volpe et al.,
2011; Huang & Castillo 2008). In turn, contemporary premature cohorts often exhibit
mild/diffuse forms of injury that include grey matter damage in areas such as the cortex and
hippocampus, and white-matter tissue loss characteristic of diffuse periventricular leukomalacia
(PVL; e.g., tissue loss in corpus callosum and internal capsule; Back & Miller 2014; Johnston
2005). While the brain is highly vulnerable in the preterm infant, the plasticity of the developing
brain simultaneously provides a prime target for neural reorganization, prompting further study
of brain injuries specific to this unique population of infants. Compensatory mechanisms could
offset severe tissue loss (as would be seen in adults with comparable HI events), and instead lead
to more subtle anomalies.
Though obvious sex differences characterize development (i.e., delays in male fetal
development that may lead to prolonged vulnerability to brain injury in the neonatal period), and
are also reported in behavioral outcomes following an HI insult (in both clinical studies and
animal models; Raz et al., 2010; Hindmarsh et al., 2000; Donders & Hoffman 2002; Roy et al.,
2014; DiPietro & Voegtline 2015; Smith et al., 2014a), clinicians currently implement identical
neuroprotective regimens (hypothermia or “cooling”) for both male and female term infants with
hypoxic-ischemic encephalopathy (HIE). “Cooling” involves head temperature reductions of 1 to
6°C during/following HI (via head or full body cooling), and has been shown to decrease the
metabolic rate of cells, reduce blood flow in the brain, decrease the rate of ATP consumption,
and eventually reduce the downstream consequences of dependence on the highly inefficient
process of anaerobic metabolism that causes apoptotic cell loss (Laptook & Corbett 2002;
Froehler & Ovbiagele 2010; Gunn & Gunn 1998; Yenari & Han 2012). Though demonstrably
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effective in term infants with mild-to-moderate HIE (Gluckman et al., 2005; Zhou et al., 2010;
Shankaran et al., 2005; Azzopardi et al., 2009; Simbruner et al., 2010; Jacobs et al., 2011; Gancia
& Pomero 2012), large-scale cooling trials typically do not report outcomes as a function of sex.
Moreover, although hypothermia has been primarily used in term infants, evidence suggests that
at-risk late-preterm infants may also benefit from reduced body temperatures (though parameters
may differ). We argue that these important variables need to be investigated further, given the
paucity of animal studies examining the effects of cooling in a preterm rodent HI model, coupled
with a small but important set of case studies implementing cooling in late-preterm infants
(Jacobs et al., 2013; Rees et al., 2011). Accumulated questions regarding differential cooling
effects as a function of sex and age motivated an exploration of prophylactic (intra-insult)
hypothermia in a model of preterm brain injury in male and female rats.
Previously, our lab and others have used the Rice-Vannucci model of induced P7 HI
injury in rats to study neuropathologic and behavioral outcomes, as well as to explore the
neuroprotective effect of hypothermia and other experimental agents (see Rees et al., 2011 for
review of neuroprotective agents). Though the P7 HI rat was classically thought to model term
infants with HIE, it is now thought to more accurately model insults seen in the late preterm
infant (GW 34-36)7. Corresponding results confirm both neuropathologies and behavioral
deficits typical of late preterm HI insult in a P7 HI rat model (Smith et al., 2015a; Patel et al.,
2014). Interestingly, in a recent study we have shown that mild temperature reduction during an
HI insult led to “task-specific” benefits on a battery of behavioral tasks that generally favored
females (Smith et al., 2015b). This result suggests that intra-insult hypothermia may offer
regionally specific protection in a late preterm model, with differential patterns of behavioral
7

This new interpretation is reflected in updates to the website translatingtime.net, in which the Finlay
group has calculated age comparisons between species (see Workman et al., 2013).
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benefit that overall favor females (Smith et al., 2015b). The paucity of data led us to undertake
an additional assessment of neuropathological indices following intra-insult hypothermia in a P7
HI model, and to ascertain whether benefits (if seen) would be comparable in males and females.
The current study was designed to address these aims. Specifically, we first sought to
assess whether lower body temperatures during hypoxia would ameliorate brain injury in
general, using a late preterm (P7 HI) model. Second, we sought to evaluate any neuropathologic
beneficial effect of intra-insult hypothermia in male and female rats, given evidence of sex
differences on a battery of behavioral tasks in these same animals (see Smith et al., 2015b for
behavioral details). To accomplish our first two aims, gross volumes of gray and white matter
areas (as typically affected by an HI insult) were assessed in adulthood. These included cortex,
hippocampus, internal capsule, corpus callosum, and lateral ventricles. In addition (for a third
aim), given that we have previously shown sex differences in outcomes on a memory task
following P7 HI, we sought to more closely analyze the “uninjured” (contralateral) hippocampus.
Specifically, we wanted to determine whether some form of compensation might occur following
an HI insult. Compensatory mechanisms of the hemisphere contralateral to the ischemic insult
have not been fully investigated, including whether this hemisphere sustains subtle hypoxic
damage similar to the ipsilateral hemisphere, or displays compensatory alterations reflecting the
plasticity of the developing brain. To address this third aim, different regions of the hippocampal
cell layers in the contralateral hemisphere were assessed for thickness. We specifically sought
evidence of neural compensation that could explain better performance in females as compared
to males on a post-HI-insult memory task.
Given prior findings, we hypothesized that: (1) intra-insult hypothermia would ameliorate
(reduce) indices of brain damage in a preterm model of HI; (2) if intra-insult hypothermia was
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indeed beneficial, sex-specific benefits in favor of female HI rats might be seen; and (3) if the
benefits of intra-insult hypothermia were in fact comparable by sex, then the contralateral
hippocampus might show evidence of compensation to HI injury (e.g., thicker cell layers) that
would be more prominent in female HI injured rats. Results of the current study confirmed the
efficacy of intra-insult hypothermia in a late-preterm model of HI, as measured by
neuropathology. Moreover, neuroprotection was comparable in both sexes, but sex differences in
potential compensatory mechanisms were apparent in the contralateral hippocampus.

Methods
Methodological background, post mortem tissue
Brain tissue from a prior study of male and female HI injured rats (for which we
previously reported behavioral outcomes) was used in the current study (see Smith et al., 2015b
for detailed methods). In brief, subjects were male (n=31) and female (n=31) Wistar rats born to
time-mated dams (Charles River Laboratories) shipped to the University of Connecticut
Bousfield vivarium on embryonic (E) day 5. At birth (approximately E22), pups were culled to
litters of 5 females and 5 males. On P7, pups were randomly selected for HI or sham procedure,
and assigned to the hypothermic or normothermic group. HI animals were anesthetized with
isoflurane (2.5%), a vertical incision was made on the neck, and the right common carotid artery
was cauterized to restrict blood flow to the right hemisphere8. Sham animals received a similar
procedure without artery cauterization. Following surgery, normothermic animals (HI and sham)
were placed in a temperature-controlled incubator with a warming lamp, while hypothermic
animals (HI and sham) were placed in an unheated holding container with a warming lamp.
8

All possible steps were taken to avoid animal suffering during all surgical procedures, with oversight
and approval from the University of Connecticut Institutional Animal Care and Use Committee (IACUC).
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During the 2-hour hypoxia period, HI normothermic animals were placed in an airtight
temperature-controlled container subjected to 8% oxygen (balanced with nitrogen). HI
hypothermic animals were placed in a similar airtight container positioned under a warming
lamp and were also subjected to 8% oxygen (balanced with nitrogen). Sham animals were
placed in similar containers with similar temperature environments. Temperatures were taken of
all animals to ensure each group was kept at normothermic or hypothermic conditions. For
analyses, sham hypothermic and normothermic animals were pooled for each sex.
Prior behavioral testing
Behavioral testing began on P30 and continued until P83. All animals were tested on a
rotarod task to assess motor coordination and learning, an auditory discrimination task to assess
auditory processing, and a Morris water maze (MWM) and non-spatial water maze task to assess
learning and memory. Detailed methodology for each behavioral task is available elsewhere (see
Smith et al., 2015b), but the overall findings from each behavioral task are outlined in Table 5.1.
Raw volume measurement (see Table 5.2)
Following the completion of behavioral testing, animals were anesthetized with ketamine
(100 mg/kg) and xylazine (15mg/kg), and transcardially perfused with .9% saline solution
followed by 10% buffered formalin. Brains were removed from the skull and placed in 10%
formalin until slicing began. A Leica VT1000 S vibratome was used (60 um), with every other
section mounted on a chrom-alum subbed slide. All brains were stained using the Nissl staining
procedure. For gross volumetric measures, Stereo Investigator Microbright field software and an
Axio 2 Zeiss Microscope were used. Volumes were quantified using 2.5x magnification with
Cavalieri’s Estimator software and a grid overlay. The fewest number of sections were counted
to achieve a coefficient of error less than 0.05 (stereological validity) for each area analyzed
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(usually between 8 - 10 sections per brain area), and every third mounted section was assessed.
For the cortex, sections were analyzed starting at approximately Bregma 1.70 mm to
approximately Bregma -4.16 mm. For the hippocampus, sections were analyzed starting at
approximately Bregma -2.30 mm to approximately Bregma -6.04. For the internal capsule,
sections were analyzed beginning at Bregma -1.40 mm to approximately Bregma -4.52 mm. For
the corpus callosum, sections were analyzed beginning at approximately Bregma 1.20 mm to
approximately Bregma -0.92 mm. Finally, for the lateral ventricles, sections were analyzed
beginning at approximately Bregma 1.60 mm to approximately Bregma -1.30 mm. All measures
are approximations due to the variability in the quality of brain tissue, and were performed blind
to Treatments.
Raw pyramidal cell thickness measures (see Table 5.3)
To assess cell layer thickness, the hippocampus was divided into 4 sections (CA1, medial
CA3 (within the dentate gyrus), lateral CA3 (outside of dentate gyrus), and dentate gyrus). The
borders of the hippocampal layers of each hemisphere were traced on an Axio 2 Zeiss
microscope under 20x, from one representative section of each subject, at Bregma -3.14 mm.
Boundaries of the layers were determined by only including pyramidal cells (or granule cells in
the dentate gyrus) in contact with one another in each band, essentially creating a “line of best
fit” for each border. Once the entire hippocampus was traced, measurements from each section
(CA1, medial CA3, lateral CA3, and dentate gyrus) were taken by drawing a line from the
bottom border to the top border of the cell layer. This provides a length (in um) from the top to
the bottom of the cell layer. Five representative lengths were taken from CA1 and the dentate
gyrus, and three representative lengths were taken from both regions of CA3. Measurements
were taken from equidistant points within each hippocampal section assessed. Averages from
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each sub-region were calculated and from these values, an overall average thickness measure
was calculated for each subject in each hemisphere.
Statistics
For volumetric measures, individual repeated measures ANOVAs were performed to
compare ipsilateral and contralateral raw volumes of cortex, hippocampus, ventricles, internal
capsule, and corpus callosum. Variables included Sex (2 levels), Treatment (3 levels; HI
normothermic, HI hypothermic, sham; between subject variables), and Hemisphere (2 levels;
repeated variable). Further repeated measures ANOVAs were performed for each sex separately
using 3 Treatment groups (HI hypothermic, HI normothermic, and sham), as well as individual
one-way ANOVAs performed for each hemisphere in each sex. To assess effects within each HI
group separately, paired samples t-tests were performed comparing ipsilateral and contralateral
hemisphere volume for each structure. This analysis was performed including both sexes, as
well as each sex separately. Results are presented in Table 5.2.
To specifically assess overall tissue loss in all 5 brain areas, a percentage was calculated
from ipsilateral and contralateral volumes (contralateral volume – ipsilateral volume/total
volume *100) for each area. For the ventricles, this was calculated as a percent increase. These
values were used to assess Treatment effects by performing univariate ANOVAs for each brain
area, using Injury (2 levels; HI and sham), Temperature (2 levels; hypothermic and
normothermic), and Sex (2 levels; male and female) as variables. Independent samples t-tests
comparing all HI normothermic and all HI hypothermic animals were also performed, to
investigate hypothermia’s beneficial effect on brain damage following HI (performed for males
and females separately).
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For pyramidal cell layer thickness, averages were calculated from delineating boundaries
histologically identified for each section (CA1, medial CA3, lateral CA3, dentate gyrus), for
each subject. Individual one-way ANOVAs were performed to assess Treatment effects in each
hippocampal section of both hemispheres, for males and females separately. Due to the small n
in the HI normothermic groups for the ipsilateral hemisphere analyses (resulting from gross
tissue damage), an overall repeated measures ANOVA was performed using Area (4 levels) and
Treatment (6 levels) to assess the pattern of damage and/or compensation in the contralateral
hemisphere only. In order to investigate the effect of HI in the contralateral hemisphere
independent of temperature modulation, another repeated measures ANOVA was performed
using Area (4 levels) and Treatment (4 levels; male and female HI normothermic, male and
female sham). This analysis was again performed for each sex (HI normothermic and sham)
separately. Finally, an overall contralateral pyramidal cell thickness measure was calculated
from means of each hippocampal region. These values were used to perform an ANOVA with
Sex (2 levels) and Treatment (HI normothermic and sham) as variables. Further independent
samples t-tests were performed in each sex separately to assess sex-specific Treatment effects.

Results
Volumetric Analyses
In brief, results from analyses of raw volumetric measures demonstrated: (1) a significant
reduction in all ipsilateral hemisphere volumetric brain measures in both sexes following HI
(with a significant increase in the ipsilateral lateral ventricle); and (2) a significant benefit from
intra-insult hypothermia in preserving volumes in all regions, in both sexes, following HI
(though not to the level of shams). These data are captured in pathology indices analyzed below,
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but effects for specific regional volumetric comparisons are provided, along with absolute mean
values, in Table 5.2 (volumes and standard errors for each brain area analyzed).
Percent damage analyses (Treatment effects; Figures 5.1 & 5.2)
Following damage calculations described above, an ANOVA using Sex (2 levels; male
and female), Injury (2 levels; HI and sham), and Temperature (2 levels; normothermic and
hypothermic) was performed to assess cortical percent damage. Effects revealed significant
Injury [F(1,54)=43.374, p<.05] and Temperature [F(1,54)=15.462, p<.05] main effects, as well
as a significant Injury x Temperature interaction [F(1,54)=18.551, p<.05]. These reflect:
increased damage in HI’s; decreased damage in hypothermic animals; and a specific decrease in
damage in HI hypothermic animals (respectively). A trend for a significant Sex x Injury
interaction was also seen [F(1,54)=1.756, p=.19], suggesting more HI damage in males. When
assessing hippocampal, internal capsule, and corpus callosum percent reduction, significant
Injury and Temperature effects (respectively) were seen for each area (hippocampus:
[F(1,54)=49.848, p<.05], [F(1,54)=9.91, p<.05]; internal capsule: [F(1,54)=33.32, p<.05],
[F(1,54)=7.228, p<.05]; corpus callosum: [F(1,54)=35.321, p<.05], [F(1,54)=12.674, p<.05]),
reflecting the same patterns as seen in cortex. We also saw significant Injury x Temperature
interactions (hippocampus: [F(1,54)=11.235, p<.05]; internal capsule: [F(1,54)=9.117, p<.05];
corpus callosum: [F(1,54)=13.398, p<.05]), again indicating that in all areas, the percent
reduction was significantly less in hypothermic as compared to normothermic HI animals (see
Figure 5.1). Finally, an ANOVA using ventricular percent increase values revealed a significant
Injury effect ([F(1,54)=20.59, p<.05], see Figure 5.2), with larger volumes in HI subjects.
Independent samples t-tests to compare percent reduction for HI normothermic versus HI
hypothermic animals (across sex) revealed significant effects when looking at the cortex
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[t(36)=5.229, p<.05], hippocampus [t(36)=4.399, p<.05], internal capsule [t(36)=3.709, p<.05],
and corpus callosum [t(36)=4.666, p<.05]. Results showed that HI normothermic animals had a
larger percent reduction in all regions as compared to HI hypothermic animals. No significant
effects were seen when performing an independent samples t-tests for ventricular percent
increase. Additional independent samples t-tests were performed for each sex separately for
each brain area, and revealed similar effects for males and females when assessing cortical
percent reduction ([t(17)=3.184, p<.05] and [t(17)=4.603, p<.05], respectively), hippocampal
percent reduction ([t(17)=2.928, p<.05] and [t(17)=3.195, p<.05], respectively), and corpus
callosum percent reduction (t(17)=2.979, p<.05] and [t(17)=3.648, p<.05], respectively). These
findings confirm that HI normothermic animals had more damage than HI hypothermic animals,
across sex, indicating that intra-insult hypothermia was in fact beneficial for both sexes in this
model of preterm HI injury. For the internal capsule, an independent samples t-test revealed a
significant difference between HI normothermic and HI hypothermic females [t(17)=3.648,
p<.05], but not for males. No significant effects were seen when assessing percent increase for
the ventricles (Figure 5.2).
Pyramidal cell layer thickness measures
Individual one-way ANOVAs were initially performed to assess Treatment effects (3
levels; HI normothermic, HI hypothermic, sham) for each sex in the ipsilateral hippocampal area
(CA1, medial CA3, lateral CA3, dentate gyrus). For both sexes, no significant Treatment effects
were found in any hippocampal area, probably due to the very small n for the HI normothermic
group in the ipsilateral hemisphere for each sex. We then performed a 4 (Area) x 2 (Sex) x 3
(Treatment; sham, HI normothermic, HI hypothermic) repeated measures ANOVA using just the
measurements from the contralateral hemisphere, and found a significant effect of Area
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[F(3,156)=343.947, p<.05], a near-significant Sex effect [F(1,52)=3.807, p=.056], and trend for a
significant Treatment x Sex interaction [F(2,52)=2.473, p=.09] (see Table 5.3 for averages and
standard errors for each sub-region for all groups). To assess HI effects independent of
temperature modulation, a 4 (Area) x 2 (Sex) x 2 (Treatment; HI normothermic and sham)
repeated measures ANOVA revealed a significant Sex x Treatment interaction [(F(1,37)=5.621,
p<.05], as well as a marginally significant Sex effect [F(1,37)=3.748, p=.06] and Area x Sex
interaction [F(1,37)=2.996, p=.09]. Two ANOVAs using Treatment (2 levels, HI normothermic
and sham) x Area (4 levels) to assess the contralateral hemisphere of each sex separately,
revealed a near- significant Treatment effect in males [F(1,18)=3.511, p=.07] and a trend in
females [F(1,19)=2.064, p=.16]. An overall thickness measure of the contralateral hemisphere
was then calculated using the averages of the 4 hippocampal layers. An ANOVA using these
contralateral hemisphere averages with Sex (2 levels) and Treatment (2 levels) as variables
revealed a near-significant Sex effect [F(1,37)=3.748, p=.06] and a significant Sex x Treatment
interaction [F(1.37)=5.621, p<.05], indicating a significantly different neurodevelopmental
response to HI injury in the contralateral hippocampal hemisphere for males and females.
Independent samples t-tests for each sex revealed a near-significant Treatment effect in males
[t(18)=-1.874, p=.07], with HI animals having thinner contralateral-hippocampal values, and a
trend in females [t(19)=1.437, p=.16], with HI animals having thicker contralateral-hippocampal
values (see Figure 5.3).

Discussion
The current study utilized a well-established rodent model of late preterm HI injury to
investigate benefits of intra-insult hypothermia as measured by neuropathology. Moreover, sex
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differences in protective benefit of intra-insult hypothermia were also investigated. Finally,
based on behavioral findings described in a prior publication (Smith et al., 2015b), we further
sought to investigate subtle patterns of brain damage -- particularly in cell layers of hippocampal
sub-regions -- in response to HI. Previous studies from our lab provided a framework for the
current study, by demonstrating sex differences on an array of behavioral paradigms (most
notably in the memory domain) following an experimentally induced HI insult in P7 rats
(modeling late-preterm brain injury; Smith et al., 2014a, 2015b). Surprisingly, these sex
differences in behavioral outcomes were not coupled to detectable sex-specific patterns of brain
injury (Smith et al., 2014a). In fact, male and female HI injured rats displayed strikingly similar
degrees of brain damage in the hippocampus, cortex, and ventricles. Moreover, when
investigating the protective effect of intra-insult hypothermia on behavioral deficits, female HI
rats also displayed a slightly more robust protective effect compared to males (Smith et al.,
2015b). The current data replicate previously reported HI damage in the hippocampus, cortex
and ventricles (Smith et al., 2014a; 2014b; Alexander et al., 2013c; McClure et al., 2005), as well
as significant brain damage in the corpus callosum and internal capsule associated with P7 HI.
And again, these indices were comparable for male and female HI rats. In addition, we obtained
new evidence that damage was uniformly attenuated in HI animals treated with intra-insult
hypothermia – reaffirming (together with previously reported behavioral benefits) that a mild
prophylactic hypothermic intervention might be translatable to high-risk late preterm infants
(both males and females). Our final key novel finding was that the hippocampus contralateral to
the HI injury showed a Sex x Injury interaction in cell layer thickness, which can be taken as
evidence of a sex difference in neural response to contralateral injury. The contrast between
increased thickness in females and decreased thickness in males could account for a female
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advantage on memory-based behavioral tasks, as previously reported following intra-insult
hypothermia in a P7 HI model (Smith et al., 2015b). This finding could have key importance in
understanding clinical reports of a female advantage in outcomes in general following preterm
birth (Smith et al., 2014a; Lauterbach et al., 2001; Mansson et al., 2015), and also prompts
further examination of application and mechanisms of neuroprotection in the late preterm
population, specifically as a function of sex.
Neuropathology of HI in the late pre-term neonate/P7 HI rat model
Prior clinical and animal studies investigating the neuropathology of HI insult show a
relatively ubiquitous phenotype of brain damage in premature infants. White matter damage
predominates, due to the vulnerability created by the timing of oligodendrocyte precursors
actively proliferating and differentiating (Rezaie & Dean 2002), and it is not surprising that the
majority of preterm infants with HI show later white matter anomalies. Animal models of P7 HI
(a late-preterm-equivalent injury) and other animal models of injury also reveal significant white
matter loss, including reduced corpus callosum area (McClure et al., 2005; Olivier et al., 2005;
Sanches et al., 2013). Thus although larger animal models (i.e., sheep) are optimal for modeling
white matter HI insult (due to the abundance of myelinated fiber tracts; Back et al., 2012), rodent
models of preterm brain injury also replicate these features (Olivier et al., 2005; Wilson 2015;
Burd et al., 2009). White matter injury was replicated in the current study, with both male and
female HI animals showing comparable decreases in the volume of corpus callosum and internal
capsule (see Table 5.2 and Figure 5.1). Finally, in addition to white matter damage, HI animals
displayed a significant loss of gray matter in areas including cortex and hippocampus -- thus
replicating findings from both clinical human data and animal HI models (Barrett et al., 2007;
Smith et al., 2014a; 2014b; Alexander et al., 2014; Wilson 2015; Burd et al., 2009).
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Neuropathology and hypothermia rescue following HI
As noted above, all HI subjects showed white matter loss, but these losses were
significantly less severe in hypothermic as compared to normothermic HI animals (both males
and females; see Figure 5.1). Thus our data provide anatomic verification of the protective effect
of intra-insult hypothermia in a model of late preterm HI injury. These findings are consistent
with previous studies on the protective effect of hypothermia on oligodendrocyte precursor cell
death, as well as subsequent maturation and myelin repair (in vivo and in vitro; Xiong et al.,
2013). Moreover, although both HI normothermic and HI hypothermic males and females
sustained significant damage to grey matter (cortex, hippocampus), hypothermic animals had
significantly less grey matter damage than normothermic subjects -- again affirming the
translational potential of neuroprotection via hypothermia in preterm infants (Figure 5.1 & 5.2).
These findings are consistent with general models of hypothermia as a mechanism to slow
apoptosis and prevent cell death (Yenari & Han 2012; Bao & Xu 2013; Zhang et al., 2010).
Sex differences in HI neuropathology
Gray and white matter analyses from the current study indicate that despite differences in
behavioral outcomes, HI males and females had similar underlying patterns of gross HI damage,
as well as similar anatomic response to intra-insult hypothermia rescue. The discontinuity
between sex differences in behavioral outcomes and comparable pathology across sexes suggests
that gross morphology may not be an optimal sole index of outcome for preterm infants. Even
hypothermia studies suggest the equation for injury and outcome is not one-to-one. For example,
in one study using a P10 HI model, the hippocampus was so severely damaged in both
hemispheres that hypothermia was unable to provide protection, despite rescuing tissue loss in
other areas (e.g., cortex; Patel et al., 2014). In other animal studies, hypothermia implemented
172

shortly after an HI insult was significantly protective to the hippocampus, regardless of severity
of injury (primarily seen in the CA1 region; Silasi & Colbourne 2011; Alonso-Alconada et al.,
2015; Allard et al., 2015; Corbett et al., 1997). Although sex differences in response to intrainsult hypothermia have not been thoroughly investigated, the discontinuity we observed may
shed light on the importance of assessing more detailed neuropathological indices (in addition to
gross pathology) in order to effectively predict outcomes for both sexes. These factors would
certainly include, but not rely exclusively on, gross macroscopic in vivo pathology indices.
Post-injury compensatory re-organization in females
To further examine our findings (see Table 5.1 for summary; Smith et al., 2015b), we
explored the possibility of an innate female protection extending beyond gross pathology. As
seen in Figure 5.1, the hippocampus sustained the highest percentage of HI damage (with male
and female HI normothermic and HI hypothermic animals showing almost identical scores), and
this severe tissue loss likely reflects enhanced susceptibility to glutamate-mediated cell death in
this region (Kasdorf et al., 2014; Liu et al., 2004; Towfighi et al., 1997). Despite the comparable
and severe HI induced loss, we previously failed to show significant deficits in HI females on a
task reliably associated with hippocampal function – the Morris water maze (Smith et al.,
2014a). As such, we decided to take a closer look at pyramidal cell layers of the CA1 and CA3
sub-regions of the hippocampus and granule cell layer of the dentate gyrus in order to attempt to
quantify reorganization/compensation in the left hippocampus, after severe HI injury in the right.
However, these measures did not reveal a robust Treatment main effect. Rather, when looking at
an overall thickness measure, male and female HI normothermic animals showed opposite
patterns (as supported by a significant Sex x Injury interaction in mean thickness). Whereas
male HI normothermic animals had near-significant reductions in the thickness of the cell layers
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of the hippocampus, female HI normothermic animals had marginal increases in the thickness of
the cell layers (see Figure 5.3). This finding could relate to a previously observed female
advantage on a Morris water maze task, indicating this prior result was not due to sex differences
in primary hippocampal damage following HI, but rather, due to an enhanced reorganization in
the contralateral hemisphere post-insult. In support of this interpretation, another animal study
specifically investigating hippocampal damage following HI reported an increase in total
dendritic length and dendritic spine density of pyramidal neurons in the left hippocampus
(contralateral to the injury), while the ipsilateral hippocampus sustained typical HI damage
(Zhao et al., 2013). Since the sex of animals was not specified, we might infer that both males
and females were used, which could mean that compensation in female HI animals may have
contributed to the overall findings (Zhao et al., 2013).
In general, the ability of the developing nervous system to reorganize itself following an
injury has been explored in human and animal studies, and an elegant body of work on this topic
was originally published by Margaret Kennard (Kennard 1936, 1938; see Finger & Almli 1988
for review). More recently, Kolb and colleagues performed cross-age assessments of neural
compensation in rats, and found that response to loss of cortical tissue varies as a function of age
at injury, as well as whether lesions were unilateral or bilateral (Kolb et al.,1997, 2001). Another
report showed that unilateral cortical lesions in neonatal rats led to structural and functional
changes in the remaining hemisphere that were not seen after a similar lesion in adults (Barth &
Stanfield 1990). Findings of similar compensatory changes are reported for preterm infants
(Okoshi et al., 2001), and in studies of neonatal hemi-decortication, where the intact cortex
shows increased thickness and reorganized connectivity (Hicks & D’Amato 1970; Takahashi et
al., 2009; Whishaw & Kolb 1988).
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Hypothermia versus sex
An interesting conclusion from the current study is that both intra-insult hypothermia and
“being female” seem to provide protection from HI insults in a late preterm model, but the
mechanisms are quite different. This interpretation is consistent with the fact that no significant
differences were seen in the contralateral hippocampus for either hypothermic HI males or
females. In fact, both sexes showed thickness changes in the direction of, but less marked than
the same-sex normothermic HI’s (data not shown, no significant comparisons were found). An
important conclusion from this discrepancy could be that because intra-insult hypothermia acts
by reducing initial neuropathology, it may also reduce post-injury compensatory mechanisms in
females. Since hypothermic HI females performed significantly better than HI normothermic
females on previously administered behavioral tasks (Smith et al., 2015b), we can infer that the
net effect for females is still beneficial. However, convergent findings should serve as a “wakeup” call to basic research on HI interventions that ignores the role of sex.
Limitations
As a final note, we recognize the need for several points of caution in translation of the
current findings. (1) A unilateral ischemia model, coupled with bilateral hypoxia, does not
provide a perfect model for all late preterm HI events (which tend to be more diffuse and often
bilateral). (2) The use of experimental intra-insult hypothermia differs from the current practice
of post-insult intervention in HIE term infants (wherein much of our knowledge about neonatal
cooling has been obtained). (3) The implementation of cooling in a preterm population
characterized by immature thermoregulation and other non-neurologic health concerns remains
problematic, and tempers incentives for preterm clinical trials. All of these factors must be
considered when translating the current findings to a clinical setting. Nonetheless, the findings
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certainly prompt further study of topics that can improve medical intervention and prognosis for
late preterm infants with HI events, specifically as a function of cooling intervention and patient
sex.

Conclusions
The results of the current study contribute important data to the field of neonatal hypoxic
ischemic injury research. Specifically, we found that: (1) HI injury induced on P7 leads to longterm brain injury in both gray and white matter in both males and females, and intra-insult
hypothermia significantly ameliorates that pathology; (2) intra-insult hypothermia benefits
neuropathology equally in both sexes, despite sex differences favoring females in behavioral
outcomes; and (3) males and females show significantly different patterns of compensation in the
contralateral hippocampus, as measured by thickness of hippocampal cellular layers. Our
findings shed light on previously published behavioral data using the same cohort of animals
assessed here (Smith et al., 2015b), in which females with P7 HI injury were found to show a
greater benefit from intra-insult hypothermia then P7 HI males on several memory tasks, as well
as prior sex difference reports in neonatal HI outcomes from our lab. Taken together, results
suggest that hypothermia -- though currently implemented only for term HIE infants -- may also
have clinical benefits for some late preterm infants at high risk for HI events. Overall, the current
findings call for further study of the role of sex and hypothermia in response to neonatal HI
injury, and may encourage clinicians to more carefully consider sex in neonatal neuropathologic
research.
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Figure 5.1 (a). A 2 (Sex) x 2 (Injury) x 2 (Temperature) ANOVA revealed a significant Injury
(p<.05) and Temperature (p<.05) effect, as well as an Injury x Temperature interaction (p<.05)
and a trend for a Sex x Injury interaction (p=.19). An independent samples t-test between HI
normothermic and HI hypothermic animals revealed a significant effect (p<.05) and a similar
effect was seen when t-tests were performed for males (p<.05) and females (p<.05) separately. b.
A 2 (Sex) x 2 (Injury) x 2 (Temperature) ANOVA revealed a significant Injury (p<.05) and
Temperature (p<.05) effect, as well as an Injury x Temperature interaction (p<.05). An
independent samples t-test between HI normothermic and HI hypothermic animals revealed a
significant effect (p<.05) and a similar effect was seen when t-tests were performed for males
(p<.05) and females (p<.05) separately. c. A 2 (Sex) x 2 (Injury) x 2 (Temperature) ANOVA
revealed a significant Injury (p<.05) and Temperature (p<.05) effect, as well as an Injury x
Temperature interaction (p<.05). An independent samples t-test between HI normothermic and
HI hypothermic animals revealed a significant effect (p<.05) and this pattern was also seen in
females (p<.05) but not in males (p>.05). d. A 2 (Sex) x 2 (Injury) x 2 (Temperature) ANOVA
revealed a significant Injury (p<.05) and Temperature (p<.05) effect, as well as an Injury x
Temperature interaction (p<.05). An independent samples t-test between HI normothermic and
HI hypothermic animals revealed a significant effect (p<.05) and this pattern was also seen in
males (p<.05) and females (p<.05) separately.
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Figure 5.2 A 2 (Sex) x 2 (Injury) x 2 (Temperature) ANOVA revealed a significant Injury effect
(p<.05). Independent samples t-tests did not yield significant effects.
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Figure 5.3 A 2 (Sex) x 2 (Treatment) ANOVA revealed a trend for a significant Sex effect
(p=.06) and a significant Sex x Treatment interaction (p<.05). Individual independent samples ttests for each sex separately revealed a trend for HI male normothermic animals to have
significantly thinner hippocampal cellular layer thickness (p=.077), but HI female normothermic
animals having thicker hippocampal cell layers.
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Chapter 7
Discussion
Summary of Findings: Hypoxic-ischemic (HI) injury is the primary cause of neurologic
morbidity and infant mortality, with increasing risk according to severity of prematurity, and in
term infants (though less common), the severity and duration of birth complications (Lawn et al.,
2005; Volpe 2012). Subsequent deficits in cognition and behavior following preterm or term HI
incidents include learning/memory, language, motor, and attention impairments, and can cooccur with one another or manifest individually (Peterson 2003; Steinman et al., 2009; Benasich
et al., 2002; Luu et al., 2011; Burnett et al., 2013; Fazzi et al., 2009; Back & Miller 2014; Goyen
et al., 2011; Martinez-Biarge et al., 2011; Breslau & Chilcoat 2000; Martel et al., 2007). Though
the severity of cognitive/behavioral impact from HI injury varies, it is evident that males on
average display more robust impairments compared to similarly injured females (Aylward 2002,
2005; Begega et al., 2010; Lauterbach et al., 2001; Leversen et al., 2011; Morsing et al., 2011;
Raz et al., 2004; Wallace et al., 1995). This risk is additive to the fact that males also exhibit an
increased risk for undergoing an HI insult in the first place (Golomb et al., 2009, 2010). Despite
this seemingly important sex difference, less than half of clinical studies consider sex as a
variable, and even fewer basic research studies (i.e., animal studies) include sex as an
experimental variable (either combing sexes or using all males). Based on this lack of data, male
and female infants with HI insult are administered identical neuroprotective strategies to
ameliorate injury, with the most common intervention being hypothermia. It is clear that the
clinical population would substantially benefit from additional assessments to directly examine
the efficacy of hypothermia, as well as other experimental interventions, in both male and female
infants with HI injury. Using such data, optimal neuroprotective strategies for each sex could be
implemented.
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The work presented here was designed to improve our understanding of the occurrence of
behavioral deficits in a rodent model of late preterm HI injury. We also explored sex differences
in long-term behavioral outcomes, with a focus on the efficacy of hypothermia in each sex.
Furthermore, we explored putative measures of compensation and neural plasticity in the
uninjured (contralateral) hemisphere of both sexes, which is a novel approach in the animal HI
literature. Our combined findings provide important evidence supporting the validity of the P7
HI animal model, and also confirm the importance of employing both sexes in HI research.
Our initial investigation began with assessing working memory deficits in P7 HI injured
male rats (Chapter 2). This study was prompted by prior studies from our lab revealing HIinduced memory impairments on a spatial and non-spatial memory task in a rodent model
(McClure et al., 2006, 2007; Hill et al., 2011a; Alexander et al., 2013b, 2013c). Results
demonstrated that despite being adversely affected by an HI injury, male rats were able to learn a
difficult working memory task (i.e., 8-arm radial water maze task), if presented initially with an
easy step-wise version of the task. Conversely, male P7 HI rats that were not given the modified
version of this task, and instead were initially tested on the most difficult version, displayed
severe learning and memory impairments. These results reinforce the observation that children
who suffer learning disabilities associated with HI insult can eventually learn a behavioral task,
and should be given opportunities to learn at slower rates relative to typically developing
children. Interestingly, HI-injured male rats also displayed impulsive behaviors characteristic of
ADHD, and these co-occurred with memory impairments. The co-occurrence of deficits is not
surprising, given that working memory is a core cognitive skill that often plays a role in
numerous academic skills that require intact attention (Pascoe et al., 2013). For example, in a
study done in preterm children that tested executive functioning (i.e., higher-order cognitive
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processes such as working memory and cognitive flexibility), poor performance on a working
memory task was associated with increased rates of inattention and overactive/impulsive
behavior (Mulder et al., 2010). Furthermore, deficits in attention might interfere with working
memory processing in school-aged preterm children, and thus lead to elevated rates of academic
underachievement (Anderson et al., 2003; Johnson et al., 2009; Taylor et al., 2006). Based on
convergent data, we can infer that memory and attention impairments often occur together in HI
injured infants. Additionally, in an attempt to pinpoint disruptions to a specific neural structure
that might underlie these impairments in P7 HI rats, volumes of the cortex and hippocampus
were assessed, and both structures did in fact show reduced right hemisphere volumes in the HI
injured subjects. Given the high involvement of the hippocampus in memory, and the cortex
(particularly the dorsolateral prefrontal area) in spatial working memory, these histological
results are not surprising. Given impulsive characteristics that were also seen, combined
neuropathology suggests the damage to neural substrates underlying working memory and
attention are overlapping.
To extend our first study, and to explore the relationship between long-term behavioral
impairments that occur together, our second study investigated whether auditory and spatial
working memory impairments would be seen in the same cohort of male P7 HI injured rats
(Chapter 3). We further investigated whether auditory processing deficits would specifically
correlate with or predict deficits in spatial working memory. The fact that auditory processing
and spatial working memory deficits are often co-morbid is not an extremely novel finding
(McGettigan et al., 2011; Woodward et al., 2009), due in part to the important role of
phonological working memory in language (McGettigan et al., 2011). Our findings did in fact
provide a replication of auditory processing deficits in male P7 HI rats, as previously reported by
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our lab (Hill et al., 2011a; McClure et al., 2005, 2006; Alexander et al., 2013a, 2013c). These
deficits were seen in the juvenile period, as well as in adulthood. Moreover, we found a
significant correlation between performance on long-duration SG in the juvenile period and longduration SG in adulthood in HI animals -- indicating that core auditory processing deficits persist
over time. This finding was extremely relevant to the clinical literature, in that persistent auditory
processing deficits can contribute to language delays in HI-injured infants when they reach
school age (Mahmoudzadeh et al., 2013; Downie et al., 2002; de Kleine et al., 2003). In addition
to significant auditory processing deficits in HI animals, significant deficits were also seen on the
8-arm radial water maze task, and these impairments also persisted into adulthood (as evidenced
by significant correlations between performance on earlier weeks of testing and later weeks of
testing). Perhaps the most important finding in our second study was that performance on the
auditory processing task was not significantly correlated (positively or negatively) with
performance on the spatial working memory task, in either sham or HI injured animals. This
finding was surprising, and suggests that two orthogonal systems are responsible for auditory
processing and spatial working memory. Clinically, these results suggest that while various
forms of behavioral impairments can manifest in HI-injured infants, these deficits result from
damage to disparate brain structures and thus neuropathological profiles must really be
individualized in order to predict specific risks and outcomes. In an attempt to pinpoint which
neural structures are responsible for these two impairments, volumes of the hippocampus, cortex,
and ventricles were analyzed and correlated against behavioral scores. While we did report
significant damage in all areas in HI animals, this damage was not correlated with any of the
observed deficits in behavior. Clearly, more precise and specific neurpathological assessments
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will be needed to pinpoint the particular neural substrates responsible for specific HI-induced
behavioral impairments.
After our investigation of behavioral deficits and neuroanatomical damage in male P7 HI
rats, we then undertook an exploration of sex differences following HI insult. Though it is well
known that males are more likely to display severe HI-induced behavioral impairments
compared to females, a surprisingly limited amount of studies directly investigate such
differences. To address this, we collected and compiled outcome data from the clinical literature,
to perform a meta-analysis using performance IQ, verbal IQ, and full scale IQ. We specifically
included studies that reported long-term cognitive outcomes from preterm at-risk male and
females separately (Chapter 4). As expected, we found a female advantage on performance and
full scale IQ, with scores in the expected direction for verbal IQ (female > male). These results
supplemented the findings from our rodent behavioral study (also reported in Chapter 4) that HIinjured females display an innate behavioral advantage on tasks such as rapid auditory
processing, the Morris water maze, and the non-spatial water maze, whereas male HI rats were
more consistently impaired on these tasks compared to male shams. A somewhat surprising
finding was that both male and female HI rats performed significantly worse than their sham
counterparts on a 5-choice serial reaction time task to assess visual attention, revealing
comparable deficits. This result could be attributed to the different pattern of deficits seen in
male and female preterm children diagnosed with ADHD (a disorder that greatly affects
attentional systems). Specifically, males with ADHD tend to display greater impulsive
symptoms, while females tend to show more inattentive symptoms – a feature more directly
assessed by the 5CSRT task (Biderman 2002, 2003; Rucklidge 2010; Spencer 2007).
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Since female HI rats did reveal a behavioral advantage on the majority of behavioral
tasks, we hypothesized that this might reflect less underlying brain damage following an HI
injury in females. However, an assessment of cortical, hippocampal, and ventricular volume did
not support this hypothesis, and revealed almost identical degrees of brain damage in male and
female HI rats. The lack of sex differences in neuropathology was surprising, but again, alludes
to the importance of assessing brain damage on a more microstructural level (at least with
respect to predicting cognitive outcomes). Additional clinical and animal studies assessing sex
differences in behavior and neuropathology will be essential to understanding the modulating
factors responsible for sex-specific behavioral deficits despite similar patterns of brain damage.
One of the primary benefits from assessing sex differences following an HI injury is the
ability to determine optimal sex-specific neuroprotectants. It is important to draw attention to the
fact that it is unlikely for clinically employed therapeutics to have similar effects on both sexes.
To investigate this directly, our next study focused on sex differences in response to hypothermia
(the most commonly used neuroprotective intervention) using the P7 HI model (Chapter 5).
Results revealed that exposure to hypothermia during hypoxia provided an overall benefit for
both male and female HI rats, but this protection was somewhat more robust in females.
Specifically, HI hypothermic females benefitted more than HI males on a rota-rod task to assess
motor ability. This result supported prior animal studies where active cooling (administered
three-hours post insult) also benefited female HI animals more on a sensorimotor task (Fan et al.,
2013). The latter results were further replicated in long-term follow up studies (Bona et al.,
1998). Surprisingly, this pattern of robust female protection was not seen on all the behavioral
tasks employed. Specifically, we found that male HI rats benefitted more from hypothermia on a
SG auditory processing task, which is at odds with a prior finding where HI females (without
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hypothermia) displayed an innate advantage over HI males on an FM sweep task (as outlined in
Chapter 4). Possibly the presence of more severe baseline deficits in P7 HI males could be
reflected in more potential for improvement on auditory processing tasks. This interpretation is
consistent with two previous studies in our lab, which revealed that administration of
erythropoietin (Epo) provided protection in P7 HI males as measured by auditory processing
(Alexander et al., 2013a, McClure et al., 2006). Interesting results were also seen on the Morris
water maze and spatial maze tasks. Here, in accordance with our initial hypothesis, female HI
animals benefitted more from hypothermia on a Morris water maze task (as evidenced by shorter
latencies to find the submerged platform). However, both male and female HI rats seemed to
benefit similarly from hypothermia administration as assessed by a non-spatial maze task, and
this was a novel finding. Overall we conclude that hypothermia does provide protection from HI
to both sexes, with a slight advantage in female rats. This might be due to lower temperatures
directly suppressing caspase-3 activity, which is highly implicated in the caspase-dependent cell
death pathway primarily utilized in females (Fan et al., 2013).
To complete our assessment of hypothermia’s protective effect in both sexes, our final
study specifically focused on neuropathology in postmortem tissue following P7 HI (Chapter 6).
Initially, we replicated previously reported assessments of HI damage in the ipsilateral
hippocampus, cortex, and contralateral/ipsilateral ventricles, as well as significant damage in the
ipsilateral corpus callosum and internal capsule. Hence, we were able to provide additional
neuropathological evidence that damage to gray and white matter (as measured by volumetric
decrease) is common following an HI insult. We also continued comparable degrees of brain
damage in males and females (as previously reported in Chapter 4). Moreover, we found that
intra-insult hypothermia preserved brain volumes in all areas assessed (though not to the level of
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shams), and this pattern of neuropathologic protection from HI was also strikingly similar
between sexes. The discontinuity between comparable pathology, and sex differences in
behavioral outcomes suggests that gross morphology may not provide insight to the mechanisms
underlying sex differences in behavioral outcomes. This has been a common theme throughout
Chapters 4-6. Our final analysis attempted to delve deeper into neuropathological indices,
specifically assessing the thickness of the cellular layers in the hippocampus contralateral to HI
injury in males and females. We chose to focus on this area since we previously reported a
female HI advantage on hippocampal-dependent behavioral tasks (see Chapter 4 and 5). After
assessing overall thickness in male and female HI normothermic brains (by taking measurements
from CA1, CA3 and the dentate gyrus to get an overall thickness measure), we found opposite
patterns in males and females. Specifically, a Sex x Injury interaction revealed that female HI
normothermic animals had marginal increases in contralateral hippocampal cellular thickness,
while male HI normothermic animals had near-significant reductions in thickness. This
interesting finding sheds light on the potential compensatory or neural reorganizational
mechanisms present in the female brain that might account for the female advantage on
hippocampal-dependent tasks. Though additional studies directly assessing this topic are scant,
the ability of the developing nervous system to reorganize itself after injury is well known in the
literature. Evidently, “being female” can provide extra innate protection via compensation, and
intra-insult hypothermia can also provide protection to both male and female HI-injured rats.
However, interactions between these two forms of protection may not be simply additive, and
need to be more thoroughly investigated. This assertion is supported by non-significant patterns
among HI hypothermic males and females indicating that hypothermia attenuated reductions in
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contralateral hippocampal thickness in males, but also attenuated the compensatory increase seen
in HI females.
The cumulative findings presented here provide important support for prior research
findings, and also shed light on seemingly understudied topics in both clinical and animal HI
research. We: (1) replicated behavioral deficits in P7 HI male rats, particularly in memory and
auditory processing, and showed that working memory deficits due to HI could be ameliorated
with gradual training; (2) we showed that co-occurring auditory processing and memory deficits
are not correlated with one another in HI subjects, and damage to the hippocampus and cortex do
not correlate with deficits in behavior, suggesting two orthogonal (but specific) neural systems
subserving auditory processing and memory; (3) female HI rats display an advantage on
behavioral tasks compared to males, although both sexes display similar degrees of brain
damage; (4) intra-insult hypothermia is beneficial to both sexes in regards to behavior and
neuropathological indices, but females benefit more from reduced temperatures on behavioral
tasks; and (5) male and female HI rats display different patterns of compensation in the
contralateral hippocampus, which could underlie the female advantage in HI outcomes on
hippocampal-dependent behavioral tasks. All the aforementioned results have numerous clinical
implications, and emphasize the need to utilize both sexes in HI research, particularly to
determine optimal sex-specific neuroprotectants.

Future Research: The data presented here provides a platform for further investigations to better
understand neonatal HI injury, with specific emphasis on promoting research using both sexes
and creating optimal neuroprotective strategies. It is clear that HI injury is extremely variable,
and can lead to varying degrees of brain damage, which can in turn contribute to subsequent
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heterogeneity in behavioral deficits. Since the devastating effects of HI can manifest differently
in individual infants, individualized intervention strategies would facilitate optimal functioning
when HI-injured infants reach school age. As suggested in Chapter 2, HI-injured male rats do
show behavioral impairments compared to sham animals, but they are able to learn a difficult
working memory task at a level similar to shams if presented with a graduated version of the
task. This suggests that individualized task calibrations could be implemented in an academic
setting for preterms affected by HI, to yield performances closer to typically developing peers. In
order to put these strategies to action, research is required to establish a more complex matrix of
predictive factors, including timing of injury, gender, gross pathology, and possibly additional
factors such as plasma markers, in order to more effectively map individual infant trajectories
and optimize interventions. For instance, the impulsive characteristics we found in male HI rats
might be used as an index of task difficultly to promote optimal learning. For example,
impulsivity measures might indicate which children are overly challenged in a classroom setting.
Even without a definitive ADHD diagnosis, children born prematurely generally display a higher
level of attention difficulties, resulting in lower than average school performance (Jaekel et al.,
2012; Indredavik et al., 2004). Future research should attempt to assess hyperactive/impulsive
characteristics in prematurely born children, since it has been reported that lack of focused
attention in 7-month old preterm infants is predictive of impulsive behaviors and cognitive
ability at 4-5 years old (Lawson & Ruff 2004). Pre-clinical studies using the P7 HI model might
also benefit from utilizing an impulsivity index measure (i.e., the 5-choice serial reaction time
task, go/no-go task) prior to additional behavioral testing in order to determine if subsequent
individualized task calibration or covariate is needed. Ongoing rodent studies could be used to
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continue to explore individual variation in behavioral outcomes from HI injury, and to optimize
intervention strategies.
In addition to capitalizing on an index of impulsivity to gage task difficulty for individual
children, assessment of specific neuropathological indices could also facilitate accurate
prediction of long-term behavioral outcomes. It is clear from the compilation of studies presented
here that gross volumetric measures alone do not seem to provide adequate individualized
predictors of long-term behavioral deficits. Therefore, future clinical and animals studies should
employ more in depth cellular measures, including those taken shortly after an HI insult, in order
to better predict subsequent behavioral deficits. For instance, in regards to auditory processing
deficits, alterations in the cells of the medial geniculate nucleus (MGN) could play a role in
subsequent impairments (Galaburda & Livingstone 1993; Livingstone et al., 1991; Stein 2001;
Herman et al., 1997). Though this theory was originally formulated to attempt to explain RAP
deficits in dyslexics, it could be extended to HI-injured subjects, who also display these types of
deficits. In fact, studies using the P7 HI model in our lab have shown that the number of cells in
the right MGN are significantly reduced, while these effects are not seen in P3 HI rats and shams
(Alexander et al., 2014). In addition, male P7 HI rats displayed a significant shift towards
smaller cells in the right MGN (Alexander et al., 2014). It should be noted that adult post mortem
tissue was used in this study, but future research could assess cellular changes in the MGN
shortly after an HI insult, with the goal to find a predictor for later impairments in RAP and
language. Correlations between cell sizes in the MGN and RAP deficits would also be beneficial
in understanding the association between this focal cellular measure and behavior. Similarly, in
other studies of rodents with developmentally induced cortical microgyria (a condition that also
leads to RAP deficits), sex differences have been shown, where affected males but not females
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reveal significantly smaller cells in the MGN (Rosen et al., 1999). Future research should
continue to explore this sex difference using the P7 HI model in the efforts to predict RAP
deficits and attempt to explain the sex differences in auditory processing that have been reported
in the aforementioned studies.
Specific neuropathological assessments related to other behavioral impairments such as
learning/memory and attention would also be beneficial. For example, alterations in cell counts
in the hippocampus following neonatal HI might provide an additional predictive measure of
long-term learning and memory outcomes. Though regions of the hippocampus continue to
develop postnatally, and the inherent plasticity of the developing brain might be able to
compensate for early damage (Bayer 1980; Stanfield & Trice 1988), it is still important to
investigate whether the change in hippocampal cell number over time might relate to
performance on memory tasks. Such assessments have been performed using a rodent model of
preterm birth specifically by injecting exogenous muscimol on postnatal day 0 and day 1 rats
(Nunez et al., 2003). Here, a significant reduction of hippocampal neurons and dentate granule
cells was seen 3 weeks after the induction of injury, and these reductions related directly to
behavioral deficits on a Morris water maze task (Nunez et al., 2003). Interestingly, treated male
rats displayed a higher percent reduction of hippocampal cells than treated females, indicating
the importance of assessing sex differences in neuropathology (Nunez et al., 2003). These
cellular measures would be an ideal addition to future studies utilizing the P7 HI model.
The assessment of brain injury immediately after an induced HI insult would enhance
evaluations of brain damage, since all histological evidence reported here has been obtained from
adult brain (long after injury). Immunohistochemical techniques, as well as utilization of MRI,
could provide a more accurate depiction of the morphological changes directly related to HI. In
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regards to structural changes, perhaps the investigation in the circuitry associated with attention
and ADHD might also yield predictions of subsequent attentional deficits. This could be pursued
using advanced imaging techniques such as diffusion tensor imaging (DTI). For example, the
frontal-striatal-thalamic circuitry (which is known to be implicated in executive functions and
ADHD) might be an ideal marker for later attentional impairments (Roth & Saykin 2004).
Coupled with behavioral assessments, we might then begin to understand how subtle changes in
the brain could influence changes in behavior on various behavioral tasks throughout
development. Long-term studies assessing brain damage at different time points would enhance
our picture of how HI damage can be ameliorated over time via compensation or neural
plasticity. Though we have attempted to assess this phenomenon in Chapter 6, the assessment of
plasticity indices over time would also be an important next step.
Though we have contributed important findings to the HI literature regarding sex
differences, we hope cker more investigators will begin to appreciate the significance of
employing both sexes in clinical and animal research. We have provided theories (and cited
those of others) involving hormones, cell death pathways, and genetics, in an attempt to explain
why sex differences in behavior might occur following an HI insult. Still, additional research is
needed to dissociate the interactions between these mechanisms. A potential follow-up study
could utilize the four-core genotype (FCG) mouse model, as outlined in Arnold & Chen 2009. In
this model, the Sry (testis determining) gene is deleted from the Y chromosome and placed onto
an autosome. Therefore, testis determination now resides on an autosome, rather than the Y
chromosome. This type of male is then crossed with an XX female, which produces genetic
females with the Sry gene (yielding females with androgen exposure but without other Y
chromosome genes), and XY males without the Sry gene (yielding males who phenotypically
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develop as females; Arnold & Chen 2009). Once these particular mice are generated, we could
then induce HI injury using the Rice-Vannucci method. These genetically altered mice could
then be tested on a battery of behavioral tasks, and comparisons made to determine the
behavioral consequences of HI injured subjects with Y genes but no testosterone, and
testosterone with no other Y genes. Therefore, distinctions could be made to dissociate hormonal
effects from genetic/chromosomal effects in modulating HI outcomes.
The primary goal of the work presented here is to improve understanding of the
mechanisms of HI (and the underlying cause of the sex differences in outcomes) in order to
optimize neuroprotectant strategies for HI-injured infants. While we have determined that intrainsult hypothermia is neuroprotective in male and female P7 HI rats, additional research on
hypothermia’s protective effect as a function of sex, and at other preterm ages, is needed. Our
study was an initial step in determining the importance of regulating temperature during an HI
insult, and suggested that hypothermia administered prophylactically in preterm infants could
yield beneficial results. However, in another unpublished study from our lab using a P6 HI
model, more robust hypothermia (between 31°C and 32°C) was implemented for 4 hours postinsult but did not yield as strong of an effect as our study outlined in Chapter 5 (Contreras-Mora
et al., in prep). This study also administered caffeine (another neuroprotective treatment thought
to reduce the neuroinflammatory profile for HI-injured preterms (Chaves-Valdez et al., 2011)),
and found that caffeine was better than hypothermia at providing protection in this preterm
model (Contreras-Mora et al., in prep). Mechanistically, caffeine acts as an adenosine antagonist
that decreases the amount of free radical formation during periods of hypoxia (Rivkees et al.,
2001). An additional study in our lab also utilized caffeine alone in P7 HI rats, and found
protective effects when administered immediately after HI injury (Alexander et al., 2013b).
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These results indicate the importance of investigating combination strategies of neuroprotectants.
Moreover, it is critical to determine the optimal temperature for hypothermia to yield the most
advantageous results. Future studies should also employ both sexes in neuroprotection research
and continue to assess different temperatures and time course of hypothermia implementation.
In addition to hypothermia and caffeine, other neuroprotection strategies, such as
erythropoietin (Epo), should be further investigated for potential sex-specific beneficial effects
using the P7 HI model. Epo is an endogenous cytokine hormone that is expressed in the brain
during development, and is seen at elevated levels during instances of hypoxia (Ghezzi & Brines
2004). It has the potential to regulate the calcium channel by decreasing the amount of calcium
influx that typically occurs where there is a compromise in oxygen supply. As such, excessive
glutamate is no longer released in the synapse (Ghezzi & Brines 2004). We have previously
assessed the neuroprotective effect of Epo in male P7 HI rats and reported protective effects
when injected immediately after HI injury (Alexander et al., 2013a; McClure et al., 2006, 2007).
However, important sex differences have been shown in regards to the protective effect of Epo,
and this has been seen in both neonatal and adult models of stroke (Wen et al., 2006; Yu et al.
2013). Specifically, after focal ischemia or induced intracerebral hemorrhage (ICH), females
seem to benefit more from Epo administration compared to males in regards to brain damage.
Furthermore, in a model of neonatal HI in mice, the protective effect of Epo was only seen in
females at small doses (Fan et al., 2011). Importantly, these studies only examined
neuropathology and not behavior in male and female rats. Based on these prior reports, future
studies using the P7 HI model should continue investigating Epo in both sexes, specifically with
respect to behavioral outcomes. Moreover, combination studies using Epo and hypothermia
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might also shed light on the interactions between two known neuroprotectants that have proven
to be effective.
In closing, further investigations to determine specific neuropathological markers
responsible for certain behavioral impairments are imperative for clinicians to attempt to predict
long-term deficits in the neonatal period. In turn, individualized interventions can be established
to help HI-injured children function similarly to typically developing children when they reach
school-age. Most importantly, the studies presented here provide a platform to investigate more
effective neuroprotectants for each sex. The scarcity of literature on sex differences is shocking,
and it is our hope that more research will utilize both sexes in neonatal brain injury research. If
we are initially able to pinpoint the modulating factors driving the sex difference in behavior
following an HI insult, research can then focus on determining sex-specific neuroprotectants
rather than focus exclusively on “catch-all” strategies. Animal researchers should now be more
cognizant of body temperatures during surgical procedures, as we have shown that small
fluctuations in temperature can yield significant effects. More studies investigating active
cooling (i.e., hypothermia following an HI insult), additional neuroprotective agents such as Epo
and caffeine, and combination studies (i.e. hypothermia and Epo/caffeine) need to be done to
determine which strategies yield the maximum benefit in each sex. Finally, long-term studies
investigating neural plasticity in both sexes are needed to uncover how the brain compensates
following early injury. The behavioral deficits associated with an HI injury can be profound but
as evidenced here, these deficits can be ameliorated with task-specific interventions, sex-specific
neuroprotectants and possible compensation, and we hope that future research will investigate
these topics further to benefit the affected clinical population.
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